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Recognition and transport of important species at the membrane of a biological cell are 
critical for regulation of intracellular communication, metabolic pathways, vital internal 
conditions, and pharmaceutical drug up-take. Both processes are mediated by membrane-bound 
proteins functioning as pores, channels, and transporters that recognize and facilitate the 
transport of ions, nucleic acids and sugars. This whole process can be driven actively by 
membrane potential against the concentration gradient of transported species. In my PhD work, I 
fundamentally characterized dynamics of active ion transport, both in the presence and absence 
of recognition events, at liquid/liquid interfaces to understand electrochemically-controlled 
interfacial ion recognition and transfer. A deeper understanding of the kinetic and 
thermodynamic properties is achieved to realize applications in biomedical and environmental 
science, sensor technology and nanotechnology. The interface between two immiscible solutions 
served as an artificial model of a cell membrane. By manipulation of the interfacial potential, the 
active transport of ionic species was mimicked, which was monitored by an ionic current. 
Micrometer and nanometer sized interfaces were formed experimentally at the orifice of 
micropipets and nanopipets to probe ion-transfer reactions. Micropipet/nanopipet voltammetry 
was advanced to accurately obtain quantitative kinetic and thermodynamic parameters through 
numerical simulations of ion transfer and diffusion. Ion transfer rates for reversible and 
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nonreversible reactions were determined to demonstrate how the rate controls the current, which 
affects the sensitivity of ion transfer as a sensing principle. Molecular recognition and transport 
of biomedical ionic drugs by hydrophobic receptors was examined thermodynamically, 
demonstrating how the interfacial interactions influence the selectivity of the sensing principle. 
Kinetic and thermodynamic analysis of the transfer of perfluoroalkyl surfactants, an emerging 
class of environmental contaminants that accumulate in wildlife, yielded high lipophilic values to 
suggest a possible origin of their high toxicity. Although, the focus of my research was primarily 
fundamental in nature, I tested the ion transfer principle practically with an ion selective 
electrode, developed in our group. Hexafluoroarsenate, an arsenical biocide found recently in 
wastewater, was detected at sub-nanomolar levels to confirm a thermodynamic mechanism that 
controls the detection limit. 
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1.0  INTRODUCTION 
In my PhD work, I fundamentally characterized dynamics of active ion transport, both in the 
presence and absence of recognition events, at liquid/liquid interfaces to understand 
electrochemically-controlled interfacial ion recognition and transfer. In the first chapter, a 
theoretical model for cyclic voltammetry at micropipet electrodes is established for the kinetic 
study of ion transfer at liquid/liquid interfaces when the ion is initially present in the external 
solution. Chapter 3 highlights theoretical simulations that were performed for nanopipet 
voltammetry to analyze steady-state voltammograms from rapid ion transfer. The theory serves 
as the basis for a new approach in which the ion of interest is present in both liquid phases 
initially to accurately determine kinetic and thermodynamic parameters. The developed 
experimental and theoretical approach is utilized in Chapter 4 for the determination of a standard 
ion-transfer rate constant for the rapid transfer of tetraethylammonium across a 1,2-
dichloroethane/water interface. The determined standard rate constant and transfer coefficient of 
the TEA+ transfer are compared with previously reported values to demonstrate limitations of 
conventional nanopipet voltammetry with a transferrable ion present only in one liquid phase. 
My contributions in Chapters 3 and 4 include the theoretical analysis of voltammograms, both 
simulated and experimental. Chapter 5 presents the investigation of molecular recognition of a 
synthetic heparin mimetic drug, Arixtra, by micropipet voltammetry. From this study, we 
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achieve a greater understanding of interfacial recognition and sensing of heparin and its 
analogues. My contributions in this work include the collection and analysis of any voltammetric 
and chronoamperometric data from the pipets that are filled with the organic phase. In Chapter 6, 
micropipet voltammetry is utilized to determine remarkably high lipophilicity of a homologous 
series of perfluoroalkyl carboxylates and perfluorooctyl sulfonate, to suggest reasons for 
bioaccumulation.  This quantitative study is significant because we are able to identify that high 
lipophilicity originates from the strong electron withdrawing effect of the perfluoroalkyl group 
on the adjacent oxoanion group. A new model is proposed to assess the effect of high 
lipophilicity on ion permeation through a thin bilayer lipid membrane.  In this project, I 
contributed to the analysis of voltammograms by the aforementioned numerical simulation 
method. Although the majority of my PhD research was fundamental in nature, as an additional 
project, I tested the sensitivity of ion-transfer voltammetry using a more practical 
electrochemical device created by our group. In Chapter 7, subnanomolar limits of detection are 
obtained for cationic and anionic species, utilizing stripping voltammetry based on ion transfer at 
the interface between the aqueous sample and a thin polymeric membrane supported with a solid 
electrode. Herein, we demonstrate experimentally that a significantly lower LOD are obtained 
for more lipophilic ionic species. My contribution to this project includes the collection and 
analysis of all data regarding hexafluoroarsenate. 
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2.0  CYCLIC VOLTAMMETRY AT MICROPIPET ELECTRODES FOR THE 
STUDY OF ION-TRANSFER KINETICS AT LIQUID/LIQUID INTERFACES 
This work has been published as Patrick J. Rodgers and Shigeru Amemiya, Anal. Chem. 2007, 79, 
9276–9285. 
 
2.1 ABSTRACT 
Cyclic voltammetry at micropipet electrodes is applied to the kinetic study of ion transfer at 
liquid/liquid interfaces. Simple and facilitated transfer of an ion that is initially present outside a 
tapered pipet was simulated by the finite element method, enabling complete analysis of the 
resulting transient cyclic voltammogram (CV) with a sigmoidal forward wave followed by a 
peak-shaped reverse wave. Without serious effects of uncompensated ohmic resistance and 
capacitive current, more parameters can be determined from a transient CV than from the steady-
state counterpart obtained with a smaller pipet or at a slower scan rate. A single transient CV 
under kinetic limitation gives all parameters in a Butler-Volmer-type model, i.e., the formal 
potential, the transfer coefficient, the standard ion-transfer rate constant, k0, and the charge of a 
transferring ion as well as its diffusion coefficients in both phases. Advantages of the transient 
approach are demonstrated experimentally for reversible, quasi-reversible, and irreversible cases. 
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With a multistep transfer mechanism, an irreversible transient CV of facilitated protamine 
transfer gives an apparent k0 value of 3.5 × 10−5 cm/s, which is the smallest k0 value reported so 
far. With the largest reliable k0 value of ~1 cm/s reported in literature, an intrinsic rate of the 
interfacial ion transfer varies by at least 5 orders of magnitude. 
2.2 INTRODUCTION 
Selective ion transfer at liquid/liquid interfaces is attractive for electrochemical detection of 
redox inactive ions that are ubiquitous in biological, biomedical, and environmental systems. A 
phase boundary potential based on equilibrium partitioning of an analyte ion between the two 
liquid phases results in a Nernstian response of potentiometric ion-selective electrodes (ISEs),1, 2 
which found a variety of practical applications.3, 4 Alternatively, a current response based on the 
interfacial ion transfer is measured with voltammetric/amperometric ISEs, which serve as an 
analytical application of electrochemistry at liquid/liquid interfaces.5, 6 An important advantage 
of these current-detection approaches is their sensitivity.7 The current response varies directly 
with the concentration and charge of an analyte ion, while the potential change is dependent on 
the logarithm of the concentration and the inverse of the charge. The current response, however, 
is more complicated than the equilibrium potentiometric response. Not only a mass-transfer rate 
but also an ion-transfer rate control interfacial ion flux in voltammetric/amperometric8-13 and 
non-equilibrium potentiometric14-16 modes, where ion transfer is not necessarily Nernstian (or 
reversible) as assumed in the phase boundary potential model for potentiometric ISEs.17 Further 
development of voltammetric/amperometric ISEs requires better understanding of the ion-
transfer kinetics.18, 19 
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During the last two decades, voltammetry at glass micropipet electrodes20 was developed 
as one of the powerful experimental approaches to study ion-transfer dynamics at liquid/liquid 
interfaces.21, 22 With silanization of the inner or outer pipet wall, a stable disk-shaped interface 
can be formed at the tip.23 A small current across the microinterface results in a negligibly small 
ohmic potential drop in the resistive organic phase, which is a prerequisite for reliable kinetic 
measurement. Moreover, fast mass transfer to a nanoscopic interface enables determination of 
large ion-transfer rate constants.24-27 Micropipet electrodes were used also for scanning 
electrochemical microscopy28 to probe ion transfer at liquid/liquid interfaces29, 30 and bilayer 
lipid membranes.31  
Unique cyclic voltammograms (CVs) are obtained at pipet-supported interfaces,32 which 
are asymmetrically accessible to species in the inner and outer solutions. A conventional steady-
state voltammogram can be obtained only for facilitated transfer of an ion in large excess in the 
inner solution, where mass transfer is controlled by hemispherical diffusion of ionophores and 
ion–ionophore complexes in the outer solution (Figure 2-1a).33 The resulting sigmoidal 
voltammogram can be analyzed quantitatively using a theory well-developed for steady-state 
voltammetry at solid ultramicroelectrodes (UMEs).34, 35 A sigmoidal forward wave followed by a 
peak-shaped reverse wave is obtained for simple transfer of an ion that is initially present in the 
outer solution (Figure 2-1b) as well as for facilitated transfer of the ion by an ionophore in large 
excess in the inner solution (Figure 2-1c). The peak-shaped response is due to transient diffusion 
of transferred ions or their ionophore complexes in the inner solution. For reversible ion transfer 
at a cylindrical pipet, such a transient CV was reproduced theoretically by the semi-quantitative36 
and boundary element37 methods. In recent studies, however, steady-state CVs of simple ion 
transfer were obtained with nanopipets26, 27 and also with micropipets.38-41 The lack of a transient  
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(a)          (b)     (c) 
 
 
Figure 2-1. Scheme of (a) and (c) facilitated and (b) simple ion transfer. The direction of the arrows corresponds to 
the direction of forward ion transfer. The arrows in the inner and outer solutions are shown only for species, 
diffusion of which affects a voltammetric response. 
 
 
 
response at nanopipets was ascribed to its unique tip geometry that allows for steady-state non-
linear diffusion in the inner solution.26, 27 More recently, Kakiuchi and co-workers reported that 
steady-state diffusion is achieved inside a tapered pipet even with a small tip angle.39 
Here we extend the theory of ion-transfer cyclic voltammetry at micropipet electrodes by a finite 
element simulation of diffusion processes both in the inner and outer solutions. Simulation 
conditions are more generalized than those in the previous studies36, 37 by considering effects of a 
pipet tip angle and an ion-transfer rate on a voltammetric response. The simulation is applied for 
analysis of reversible, quasi-reversible, and irreversible CVs obtained under a transient and a 
steady-state condition to demonstrate that an intrinsic rate of ion transfer at liquid/liquid 
interfaces varies by at least 5 orders of magnitude. 
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2.3 THEORY 
2.3.1 Model 
The geometry of a micropipet electrode is defined in cylindrical coordinates (Figure 2-2), where 
r and z are the coordinates in directions parallel and normal to the interface, respectively. The 
inner and outer solutions are denoted as phase 1 and 2. The pipet size is defined by the inner and 
outer tip radii, a and rg. The inner and outer tip angles are given by θ1 and θ2. The pipet shaft is 
long enough for semi-infinite diffusion in the inner solution on a simulation time scale. The 
space behind the tip in the outer solution is large enough to accurately simulate back diffusion 
from behind the tip.29 
An ion with the charge zi, ii z , is initially present only in the outer solution so that simple 
transfer of the ion (Figure 2-1b) is defined by  
ii z  (outer solution) ii z  (inner solution) 
Equation 2.1 
 
 When an ionophore with the charge zL, LLz , forms complexes with the ion in the inner 
solution (Figure 2-1c), the facilitated transfer is defined by 
ii z  (outer solution) + LLzs  (inner solution) LiiL zszs
+  (inner solution) 
Equation 2.2 
 
Since the ionophore is assumed to be in large excess, the facilitated transfer may be written 
simply as a first-order process by  
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Figure 2-2. Defined space domain for a finite element simulation of ion transfer at a tapered micropipet electrode. 
 
 
 
ii z  (outer solution)  ii z  (inner solution as ionophore complexes) 
Equation 2.3 
 
The transfer of an ion that is initially present only in the inner solution is not simulated in this 
work. Theory is available for a steady-state voltammogram as obtained for facilitated transfer of 
an ion in large excess in the inner solution (Figure 2-1a).34, 35 When an ionophore is in large 
excess or absent, i.e., simple transfer, in the outer solution, the following model is applicable 
simply by changing the initial conditions (Equations 10 and 11).  
 9 
Diffusion in the inner solution is expressed as 
( ) ( ) ( ) ( )






++=
∂
∂
2
1
2
1
2
1
2
1
1 ,,,,1,,,,
z
tzrc
r
tzrc
rr
tzrcD
t
tzrc
∂
∂
∂
∂
∂
∂  
Equation 2.4 
 
where ( )tzrc ,,1  and D1 are the local concentration and diffusion coefficient of the ion in the 
inner solution, respectively. Diffusion in the outer solution is expressed as 
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where ( )tzrc ,,2  and D2 are the local concentration and diffusion coefficient of the transferring 
ion or its complex in the outer solution, respectively. 
The boundary condition at the liquid/liquid interface is given by 
( ) ( ) ),0,(),0,(,,,, 1b2f
0
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2
0
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1 trcktrckz
tzrcD
z
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∂
∂
∂  
Equation 2.6 
 
where kf and kb are the first-order heterogeneous rate constants for forward and reverse transfer, 
respectively (see Equations 2-1 and 2-3). The rate constants are given by the Butler-Volmer-type 
relation as8, 42 
]/)(exp[ 0i
1
2
1
2i
0
f RTFzkk
′∆−∆−= φφα  
Equation 2.7 
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b RTFzkk
′∆−∆−= φφα  
Equation 2.8 
 
where k0 is the standard rate constant, α is the transfer coefficient, φ12∆  is the Galvani potential 
difference between the inner and outer solutions, and 0i
1
2
′∆ φ  is the formal ion-transfer potential. 
In cyclic voltammetry, the potential is swept linearly at the rate of v from the initial potential, 
i
1
2φ∆ , and the sweep direction is reversed at the switching potential, λ
1
2φ∆ , maintaining the sweep 
rate. The triangle potential wave is expressed as 

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Equation 2.9 
 
The other boundary conditions are defined in Supporting Information. The initial conditions are 
given by 
( ) 00,,1 =zrc  
Equation 2.10 
 
( ) 02 0,, czrc =  
Equation 2.11 
 
where c0 is the bulk ion concentration. A current, i, is obtained by integrating flux of the 
transferring ion over the liquid/liquid interface, yielding 
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( ) dr
z
trcrFDzi
a



= ∫ ∂
∂π ,0,2 2
02i
 
Equation 2.12 
 
The time-dependent diffusion problem was solved by COMSOL Multiphysics® version 
3.2 (COMSOL, Inc., Burlington, MA), which applies the finite element method. Simulation 
accuracy of this software package for two-phase diffusion processes was demonstrated 
previously.43 The diffusion problem defined above was solved in a dimensionless form 
(Supporting Information) such that a current response is normalized with respect to a limiting 
current at an inlaid disk-shaped interface, yielding i/iss, where acFDzi 02iss 4= . The normalized 
current is plotted with respect to φ∆iz  in cyclic voltammetry, where 
0
i
1
2
1
2
′∆−∆=∆ φφφ , or 
dimensionless time, τ, in chronoamperometry, where 
2
24
a
tD
=τ  
Equation 2.13 
          (13) 
Features of the current response depend on the tip geometry and following dimensionless 
parameters 
2
0
D
akK =  
Equation 2.14 Dimensionless rate constant 
 
γ = D1/D2 
Equation 2.15 Diffusion coefficient ratio 
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RT
Fv
D
a
2
2
4
=σ  
Equation 2.16 Dimensionless scan rate 
 
Calculation of each CV or chronoamperogram took 3–5 minutes on a workstation equipped with 
a Xeon 3.0 GHz processor unit and 5.0 GB RAM with Linux.  
 In the following theory section, tanθ1 = tanθ2 = 0.10 with the angle of 5.7° was assumed 
unless otherwise mentioned. Preliminary simulations demonstrated that a small change in θ2 
from this typical inner angle does not affect the results. A typical RG (= rg/a) value of 1.5 was 
also used. Moreover, γ = 1 was assumed so that the unique shape of a transient CV with a 
sigmoidal and a peak-shaped wave is not due to different diffusion coefficients.44 In practice, 
however, γ can be significantly different from 1, because of ion–ionophore complexation33 and 
different solvent viscosities in the inner and outer solutions.45 Effects of γ on a simulated 
transient CV are discussed in Supporting Information. 
2.3.2 Chronoamperometry Inside Pipets 
Recently, Kakiuchi and co-workers reported that steady-state diffusion is achieved in the inner 
solution at a tapered pipet even with a small tip angle.39 In order to understand the tip-angle 
effect more quantitatively, a chronoamperometric response limited by diffusion in the inner 
solution was calculated by solving only Equation 2.4 with the boundary condition of 
( ) 01 ,0, ctrc =  at the liquid/liquid interface (Figure 2-3). With any tip angle, a normalized 
chronoamperometric response, ss/)( ii τ , varies inversely with τ , yielding an approximated 
equation 
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( ) ( )
τ
θθτ gf
i
i
+≈
ss
)(  
Equation 2.17 
  
Table 2-1 lists f(θ) and g(θ) for a variety of θ values. The intercept, f(θ), represents a normalized 
steady-state current, which increases from 0 to 1 as the tip angle increases from 0 to π/2.39 With 
tanθ < 0.5, g(θ) 2/π≈  so that ( ) τθ /g  in Equation 2.17 is equivalent to the Cottrell current 
normalized against iss.46 
A long time is required for steady-state diffusion in the inner solution, resulting in a thick 
diffusion layer. A steady state is achieved when ( ) ( ) τθθ /gf >>  in Equation 2.17, yielding 
( )
( )2
2
θ
θτ
f
g
>>  
Equation 2.18 
 
With Equations 2.13 and 2.18, the diffusion layer thickness at a steady state, δss, is given by 
)(
)(4 1ss θ
θδ
f
gatD >>=  
Equation 2.19 
 
Equation 2.18 indicates that, for typical tip angles with tanθ = 0.05–0.15, the time required for a 
steady state is 100–1000 times longer than that at an inlaid disk-shaped interface with θ = π/2. 
Also, Equation 2.19 shows that a δss value inside the pipets is 10–25 times larger than that at the 
disk-shaped interface. 
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Figure 2-3. Effects of the tip angle, θ, on a simulated chronoamperometric response governed by diffusion in the 
inner solution, where tan θ = 0, 0.05, 0.1, 0.15, 0.5, 1, and 2 from the bottom. The top line shows a response at an 
inlaid disk-shaped interface.10 
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Table 2-1. Parameters in Equations 2.17 and 2.22 with different tip angles. 
 
tanθ f(θ) g(θ) (RT/F)lnf(θ) mVa 
0 0.000 0.891     – 
0.05 0.038 0.882 −83.7 
0.1 0.077 0.886 −65.8 
0.15 0.114 0.893 −55.7 
0.5 0.357 0.844 −26.5 
1.0 0.576 0.834 −14.1 
2.0 0.762 0.771 −6.9 
∞ 0.995 0.763   0.1 
 
a Values at 25 °C. 
 
 16 
2.3.3 Reversible Cyclic Voltammetry at Cylindrical and Tapered Pipets 
Effects of the pipet geometry on a reversible CV (K = 10) were investigated at different σ. With 
either a cylindrical or a tapered pipet (Figure 2-4a or b, respectively), sufficiently small σ (< 1) 
gives a sigmoidal forward wave. Although a reverse peak indicates that a true steady state is not 
achieved, the shape of a sigmoidal forward wave agrees with the theoretical shape of a reversible 
steady-state voltammogram given by 
i
ixi
Fz
RT −
+∆=∆
)(ln ss
i
2/1
1
2
1
2 φφ  
Equation 2.20 
 
with 
acFDxzxi 02iss 4)( =  
Equation 2.21 
 
where 2/1
1
2φ∆  is the half-wave potential, iss(x) is the current limited by diffusion of a transferred 
ion in the outer solution, and x is a function of RG.47 
At a cylindrical pipet, a sigmoidal forward wave is followed by a reverse peak (Figure 2-
4a), which is due to purely linear diffusion in the inner solution. The peak current is nearly 
independent of σ and is 110–120 % with respect to the limiting current. These features of a 
reversible CV at a cylindrical pipet were predicted by the approximated36 and boundary 
element37 methods. Moreover, our simulation results demonstrate that both forward and reverse 
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Figure 2-4. Effects of the dimensionless scan rate, σ, on simulated CVs at (a) a cylindrical and (b) a tapered (tan θ = 
0.01) pipet, where σ = 0.1 (black), 0.01 (blue), 0.001 (green), and 0.0001 (red). The other dimensionless parameters 
are K = 10 and γ = 1. 
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waves shift toward negative potentials by 30/zi mV for every decade decrease in σ, while the 
separation between the half-wave and peak potentials is maintained at 32/zi mV.  
In contrast to the cylindrical case, a reverse wave at a tapered pipet changes from a peak 
shape to a sigmoidal shape as σ decreases from 0.1 to 0.0001 (Figure 2-4b). The reverse wave at 
σ = 0.0001 is nearly identical with the forward wave, confirming a steady state. Such a steady-
state response was obtained at larger σ with a larger tip angle (data not shown), where a steady 
state is reached more quickly (Equation 2.18). For the reversible steady-state voltammogram, 
2/1
1
2φ∆  is given by (Supporting Information) 
x
f
Fz
RT
Fz
RT )(lnln
ii
0
i
1
22/1
1
2
θγφφ ++∆=∆ ′  
Equation 2.22 
 
With γ = 1, (RT/ziF)lnf(θ) is due to a mass-transfer resistance in the inner solution and is 
significant for typical tip angles with tanθ = 0.05–0.15 (Table 2-1).  
2.3.4 Kinetic Effects on Steady-State and Transient CVs 
Effects of an intrinsic ion-transfer rate on steady-state and transient CVs at a tapered pipet were 
investigated in a range of K = 0.01–10 with α = 0.5. With σ = 0.0001 (Figure 2-5a), forward and 
reverse waves superimpose well in all kinetic regimes, confirming a steady state. Kinetic effects 
under the steady-state condition are very similar to those in steady-state voltammetry at solid 
UMEs.48 As K decreases from 10 to 0.3, the sigmoidal waves become less steep and shift toward 
negative potentials, corresponding to a change from a reversible wave to a quasi-reversible wave.  
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Figure 2-5. Effects of the dimensionless ion-transfer rate constant, K, on (a) steady-state and (b) transient CVs at σ 
= 0.0001 and 0.01, respectively, where K = 10 (blue), 1 (green), 0.3 (red), 0.1 (black), and 0.01 (magenta). The other 
dimensionless parameters are tan θ = 0.10 and γ = 1. 
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A further decrease in K results in an irreversible kinetic regime, where the sigmoidal waves shift 
toward negative potentials without a change in the shape. 
Under a transient condition (σ = 0.01 in Figure 2-5b), kinetic effects on a sigmoidal 
forward wave are similar to those under a steady-state condition. On the other hand, a reverse 
peak becomes smaller and broader as K decreases. At the same time, the peak potential shifts 
toward positive potentials, increasing the separation between the sigmoidal and peak-shaped 
waves. In an irreversible kinetic regime at K = 0.01, the voltammetric response on reverse 
potential sweep traces the sigmoidal forward wave and then becomes peak-shaped. The 
sigmoidal portions of the forward and reverse waves under a transient condition are identical, 
because egress ion transfer is negligible at the large negative potentials. In all kinetic regimes, 
forward and reverse waves under a transient condition are different so that more parameters are 
obtainable from a transient CV than from the steady-state counterpart with identical forward and 
reverse waves (see below).  
2.3.5 Parameters Obtainable from Steady-State and Transient CVs 
With a reverse peak, a transient CV allows for determination of parameters that can not be 
obtained from the steady-state counterpart. In either case, each of obtainable parameters is 
qualitatively relevant to the shape, height, or position of a forward or a reverse wave. Knowledge 
of these relationships is useful for determination of multiple parameters by fitting an 
experimental CV with a simulated CV (Results and Discussion). A significant deviation between 
simulated and experimental CVs was found when a parameter was more than 15 % larger or 
smaller than the value determined from the best fit.   
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In a reversible case, zi can be determined from the shape of a forward wave so that D2 is 
obtainable from a limiting current using Equation 2.21. Under a transient condition, the height of 
a reverse peak is sensitive to γ (Supporting Information), yielding D1 from γ and D2. With these 
three parameters, 0i
1
2
′∆ φ  is determined from the position of the forward wave as represented by 
2/1
1
2φ∆ . Without a reverse peak under a steady-state condition, an additional measurement of D1 
is required for determination of 0i
1
2
′∆ φ  and vice versa (Equation 2.22). For instance, both D1 and 
D2 can be determined by steady-state voltammetry with a transferred ion in both phases.33 
A transient CV under kinetic control gives k0 and α in addition to all parameters that are 
available from a reversible transient CV. In either a quasi-reversible or an irreversible case, k0 
determines the separation between forward and reverse waves, while zi and α control the shape of 
a forward and a reverse wave. On the other hand, k0, α, and 0i
1
2
′∆ φ  are obtainable from a quasi-
reversible steady-state voltammogram by numerical analysis (see below), when zi, D2, and D1 are 
known. Much less information is obtainable from an irreversible steady-state voltammogram. 
The wave shape is just an indicator of αzi so that additional chronoamperometric measurement is 
required for determination of zi and D2 and subsequently α.10 Knowledge of 0i
1
2
′∆ φ  is still 
required to obtain k0 and vice versa. Overall, a transient CV is most useful for a kinetic study of 
irreversible ion transfer. 
It should be noted that a simulation of hindered diffusion in the inner solution is required 
for analysis of quasi-reversible voltammograms even under a steady-state condition. Biased 
values of 0i
1
2
′∆ φ  and k0 are obtained from the steady-state waves using a method developed for 
simple analysis of quasi-reversible steady-state voltammograms at solid UMEs35 (Table 2-2). A 
bias in 0i
1
2
′∆ φ  becomes larger at a sharper tip, corresponding to an error due to a mass-transfer 
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resistance in the inner solution. A biased k0 value is larger than a true value by a factor of 2 even 
for a large tip angle with tanθ = 0.5. The simple method or original theory developed for solid 
UMEs49 is not applicable either under a transient9 or a steady-state26, 27 condition when quasi-
reversible ion transfer is coupled with hindered diffusion in the inner solution. 
2.3.6 Conditions for Recording a Transient CV 
A transient CV is obtained when σ is sufficiently large (Figure 2-4b). Equation 2.16 indicates 
that larger σ can be achieved experimentally using a faster scan rate or a larger pipet. The scan 
rate and pipet size, however, also affect a mass-transfer rate in the inner solution, thereby 
controlling electrochemical reversibility. A faster scan rate enhances the mass-transfer rate so 
that a CV becomes less reversible, which is beneficial for a kinetic study of fast ion transfer. On 
the other hand, slower mass transfer at a larger pipet enhances reversibility. A larger pipet is 
useful for a study of slow ion transfer, where widely separated sigmoidal and peak-shaped 
responses must be observed within a relatively small potential window at liquid/liquid interfaces. 
2.3.7 EXPERIMENTAL SECTION 
2.3.8 Chemicals 
Tetradodecylammonium bromide, 1,2-dichloroethane (1,2-DCE, 99.8 % HPLC grade), 
nitrobenzene (>99 %), and chlorotrimethylsilane (98 %) were obtained from Aldrich 
(Milwaukee, WI). N,N,N’,N’-tetracyclohexyl-3-oxapentanediamide (ETH 129) and 
tetradocecylammonium tetrakis(4-chlorophenyl)borate (TDDATPBCl, ETH 500) were obtained 
from Fluka (Milwaukee, WI). Protamine sulfate (Grade III, from herring), tetraethylammonium  
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Table 2-2. Biased parameters obtained from quasi-reversible steady-state voltammograms by the simple 
method 
 
tanθ α (0.5a) 0
i
in
out
′∆ φ  mVb 
(0a) 
Kc 
0.15 0.55 −57.7 2.2 (1.0) 
 0.52 −54.8 1.5 (0.5) 
 0.50 −55.6 0.9 (0.3) 
0.50 0.52 −24.0 2.8 (2.0) 
 0.45 −23.2 2.0 (1.0) 
 0.50 −30.6 0.8 (0.5) 
 
a Values used for simulations. b Values at 25 °C. c Simulation values are shown in the 
parentheses. 
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hydroxide (TEAOH, 20 wt% in water), and tris(hydroxylmethyl)aminomethane (Tris, 99.9 %)  
were from Sigma (St. Louis, MO). Calcium dinonylnaphthalenesulfonate (CaDNNS, NACORR® 
1351) was a gift from King Industries (Norwalk, CT). Boulder Scientific Company (Mead, CO) 
provided the potassium tetrakis(pentafluorophenyl)borate (KTFAB). TDDA salts of DNNS and 
TFAB were prepared as reported elsewhere.11, 13 All reagents were used as received. All aqueous 
solutions were prepared with 18.3 MΩ cm–1 deionized water (Nanopure, Barnstead, Dubuque, 
IA). 
2.3.9 Fabrication of Micropipet Electrodes 
Micropipets were made from borosilicate glass capillaries (o.d./i.d.=1.0 mm/0.58 mm, 10 cm in 
length) from Sutter Instrument Co. (Novato, CA) using laser-based pipet puller (model P-2000, 
Sutter Instrument).10 The inner wall of each pipet was silanized30 to fill the inside with an 
organic solution. The micropipet tip geometry was inspected using an optical microscope model 
BX 41 (×100 to ×500) or IX 71 (×600 with an oil immersion lens) from Olympus America 
(Melville, NY). The inner tip angle was determined from a digitalized optical image of a 
micropipet taken from the side of the wall (Figure 2-6), yielding typical inner and outer angles of 
6° and 10°, respectively, within an error of ± 1° using a program, Simple PCI 6. The inner and 
outer tip diameters were determined within an error of ± 0.25 μm from an image taken from the 
side of the tip. 
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2.3.10 Electrochemical Measurements 
A computer controlled CHI 660B electrochemical workstation equipped with CHI 200 picoamp 
booster and faraday cage (CH instruments, Austin, TX) was used for all electrochemical 
measurements. The electrochemical cells employed are as follows 
Ag | AgCl | 0.14 mM TEAOH in 10 mM NaH2PO4/Na2HPO4 pH 7.1 (aq) || 0.1 M TDDATPAB 
(nitrobenzene) | Ag (cell 1) 
Ag | AgCl | 0.05 mM Ba(OH)2 in 10 mM Tris/acetate pH 7.8 (aq) || 50 mM ETH 129 in 100 mM 
TDDATPBCl (1,2-DCE) | AgTPBCl | Ag (cell 2) 
Ag | AgCl | 0.022 mM protamine sulfate in 8 mM Tris/acetate pH 7.8 (aq) || 2.5 mM 
TDDADNNS in 0.01 M TDDATPBCl (1,2-DCE) | AgTPBCl | Ag (cell 3) 
 
Pipets were filled with the organic solution from the back using a 10 µL syringe. The 
current carried by a positive charge from the aqueous phase to the organic phase was defined to 
be positive. All electrochemical experiments were performed at 22 ± 3 ºC. A background CV 
was obtained using a cell without a target ion in the aqueous phase. Only background-subtracted 
CVs are reported in Results and Discussion. 
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Figure 2-6. An optical microscopic image of a typical micropipet electrode. The scale bar indicates 10 μm. 
 
 
 
2.4 RESULTS AND DISCUSSION 
2.4.1 Reversible TEA+ Transfer. 
Both transient and steady-state CVs were obtained for reversible TEA+ transfer using a tapered 
pipet with the tip radius of 2.1 μm (Figure 2-7). At v = 2–80 mV/s, forward potential sweep 
resulted in a sigmoidal wave based on simple TEA+ transfer from the outer aqueous phase into 
the inner nitrobenzene phase. At v = 2 mV/s, the reverse wave is also sigmoidal and nearly  
overlaps with the forward wave, confirming the theoretical prediction that steady-state diffusion 
is achieved in the inner solution at a tapered pipet with a small tip inner angle. As v increases 
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from 2 mV/s to 80 mV/s, the reverse wave begins to show the peak expected for egress TEA+ 
transfer coupled with transient diffusion in the inner solution. Although a steady state was not 
achieved at v = 20 and 80 mV/s, the shape of a forward wave is independent of v and consistent 
with the theoretical shape of a reversible steady-state voltammogram given by Equation 2.20, 
yielding zi = +1 (red dotted lines in Figure 2-7). With zi = +1 in Equation 2.21, the v-independent 
limiting current gives the diffusion coefficient in the outer aqueous phase, Dw, of 9.3 × 10−6 
cm2/s, which agrees with a literature value.45 The forward waves only, however, do not give 
0
TEA
o
w
′
+∆ φ  or the diffusion coefficient in the inner organic phase, Do, requiring analysis of both 
forward and reverse waves of a transient CV. 
With tip inner and outer angles determined by optical microscopy, the transient CVs at v = 20 
and 80 mV/s fit well with simulated CVs (Figure 2-7), yielding values of 0
TEA
o
w
′
+∆ φ  and Do in 
addition to the same values of zi and Dw as determined from the forward waves. A simulated CV 
with these parameters also fits with the steady-state CV at v = 2 mV/s. In the simulation of the 
transient CVs, a peak height with respect to a limiting current is sensitive to γ, yielding a value of 
0.5 from the fitting. A combination of the γ and Dw values gives Do = 4.7 × 10−6 cm2/s, which is 
close to a literature value of 4.0 × 10−6 cm2/s in the nitrobenzene phase.45 With the known γ 
value, a v-independent value of 0
TEA
o
w
′
+∆ φ  is determined from the wave position, revealing that 
both 2/1
o
wφ∆  and the peak potential shift toward negative potentials as v decreases. At v = 2 mV/s, 
2/1
o
wφ∆  is more negative than 
0
TEA
o
w
′
+∆ φ  by 82 mV. The potential difference is consistent with a 
steady-state value predicted by Equation 2.22, where a negative shift of 18 mV is due to 
γln)/( FRT and the remainder is due to ]/)(ln[)/( xfFRT θ . 
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Figure 2-7. Background-subtracted CVs of simple TEA+ transfer at a 2.1 μm-radius pipet with θ1 = 6° and θ2 = 12° 
(cell 1). The vertical and lateral dotted lines correspond to 0
TEA
o
w
′
+∆ φ  and base lines, respectively. The open circles 
represent simulated CVs of reversible monovalent-cation transfer with parameters described in the text. The red 
dotted lines in (a) correspond to reversible steady-state voltammograms based on Equation 2.20 with zi = +1. 
 
 29 
2.4.2 Quasi-Reversible Ba2+ Transfer Facilitated by ETH 129 
Ba2+ transfer facilitated by ETH 12950 was investigated using a 2.5 μm-radius tapered pipet to 
obtain quasi-reversible CVs both under transient and steady-state conditions (Figure 2-8). At v = 
2 mV/s, forward and reverse waves are sigmoidal and nearly superimpose, confirming a steady 
state. As v increases, the reverse wave becomes peak-shaped, because of transient diffusion of 
Ba2+–ETH129 complexes in the inner solution. The v-independent shape of a sigmoidal forward 
wave is broader than expected for reversible transfer of a divalent cation at a steady state 
(Equation 2.20 with zi = +2), indicating that the Ba2+ transfer is kinetically limited. Since a 
forward wave is not completely separated from a peak-shaped reverse wave under a transient 
condition, the transfer process is quasi-reversible rather than irreversible. With zi = +2 in 
Equation 2.21, the v-independent limiting current corresponds to Dw = 1.1 × 10−5 cm2/s, which is 
consistent with a literature value.51 
A quasi-reversible transient CV gives kinetic parameters of k0 and α in a Butler-Volmer-
type model (Equations 2.7 and 2.8) as well as all parameters that are obtainable from a reversible 
transient CV, i.e., zi, 0i
o
w
′∆ φ , Dw, and Do. In a quasi-reversible case, the separation between 
forward and reverse waves is sensitive to k0. Moreover, the shape of a forward and a reverse 
wave depends not only on zi but also on α. The quasi-reversible transient CVs at v = 20 and 100 
mV/s fit well with simulated CVs (Figure 2-9), yielding k0 = 0.012 cm/s, α = 0.45, γ = 0.3, zi = 
+2, and a v- independent 0
Ba
o
w 2
′
+∆ φ  value of +136 mV with respect to 0TEA
o
w
′
+∆ φ . The nearly steady-
state CV at v = 2 mV/s also fits with a simulated CV with these parameters. The α value is within 
the normal range of 0.4−0.6, 54 suggesting that the facilitated Ba2+ transfer is a one-step process. 
As v increases, a forward and a reverse wave shifts toward negative and positive potentials, 
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Figure 2-8. Background-subtracted CVs of Ba2+ transfer facilitated by ETH 129 at a 2.5 μm-radius pipet with θ1 = 
6° and θ2 = 12° (cell 2). The vertical and lateral dotted lines correspond to 
0
Ba
o
w 2
′
+∆ φ  and base lines, respectively. 
The open circles represent simulated CVs of quasi-reversible divalent-cation transfer with parameters described in 
the text. The red dotted line in (a) corresponds to a quasi-reversible steady-state voltammogram based on a theory 
for disk UMEs (Equation 2.S16 in Supporting Information). 
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respectively, resulting in wider separation between the waves. The direction of the v-dependent 
shift of a peak potential in a quasi-reversible case is opposite to that in a reversible case. With the 
Dw value determined from the limiting current, the γ value corresponds to Do = 3.3 × 10−6 cm2/s 
for Ba2+–ETH 129 complexes. A 1:2 stoichiometry of the complexes was determined previously 
from a voltammetric response limited by ETH 129 diffusion in the presence of an excess amount 
of Ba2+.50 
It should be noted that neither a theory49 nor a simple method35 for analysis of quasi-
reversible steady-state voltammograms at solid UMEs is applicable when a quasi-reversible 
micropipet voltammogram is coupled with hindered diffusion in the inner solution.9, 26, 27 In fact, 
biased k0 and 0
Ba
o
w 2
′
+∆ φ  were obtained by fitting the quasi-reversible steady-state wave at v = 2 
mV/s to a theoretical equation derived for disk UMEs (Equation 2.S16 in Supporting 
Information). Despite a good fit between the experimental wave and Equation 2.S16 with α = 
0.45 and γ = 0.3 (red dotted line in Figure 2-8a), the k0 value of 0.039 cm/s thus determined is ~3 
times larger than the value determined by the finite element simulation, while 0
Ba
o
w 2
′
+∆ φ  is also 
biased toward negative potentials by 27 mV. The biases are not due to the transient nature of the 
voltammogram, because the shape of a forward wave is nearly independent of v. The biased 
parameters indicate that slow mass transfer in the inner solution significantly affects the shape 
and position of a quasi-reversible wave even under a steady-state condition. 
2.4.3 Irreversible Protamine Transfer Facilitated by DNNS 
A transient CV is particularly useful for a study of slow ion transfer such as irreversible 
protamine transfer facilitated by DNNS. Protamine is a naturally occurring polycationic protein 
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rich in arginine (4.5 kDa and ~+20 charge) and is used as an antidote for heparin.52 Meyerhoff 
and co-workers introduced DNNS as an ion exchanger for protamine-sensitive electrodes based 
on non-equilibrium potentiometric responses.53 Our previous work demonstrated that protamine 
transfer facilitated by DNNS results in a transient CV at an organic-filled pipet.11 The facilitated 
protamine transfer is so slow that sigmoidal and peak-shaped portions of a transient CV are 
completely separated at a 2.2 μm-radius tapered pipet (Figure 2-9). This result indicates that the 
transfer process is totally irreversible. 
The irreversible transient CV was analyzed with an assumption of a multistep transfer 
mechanism.11 Formation of protamine–DNNS complexes at an interfacial adsorption plane was 
assumed to be the rate-determining step, yielding 
]/)()1(exp[ 0i
o
w
o
wi
0
f RTFzkk
′∆−∆−−= φφβα  
Equation 2.23 
 
]/)()1)(1exp[( 0i
o
w
o
wi
0
b RTFzkk
′∆−∆−−= φφβα  
Equation 2.24 
 
with  
φ
φβ σo
w
o
∆
∆
=  
Equation 2.25 
 
where φσ
o∆  is the Galvani potential difference between the inner organic phase and the 
adsorption plane. A good fit between an experimental and a simulated CV was obtained both for 
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a forward and a reverse wave (Figure 2-9), supporting the multistep mechanism. The analysis 
gives α = 0.65, (1 − β)zi = 2.9, γ = 0.5, k0 = 3.5 × 10−5 cm/s, and 0P
o
w
′∆ φ  = +97 mV with respect to 
0
TEA
o
w
′
+∆ φ . The values of k0 and 0P
o
w
′∆ φ  were determined for the first time in this work, where the 
finite element simulation allows for analysis of both sigmoidal and peak-shaped portions of the 
transient CV. The k0 value of the facilitated protamine transfer thus determined is the smallest k0 
value reported so far for ion transfer at liquid/liquid interfaces.  
 It should be noted that β and zi can not be determined separately from the transient CV 
based on the multistep mechanism so that β = 0.86 is obtained with zi = +20, which was 
determined by chronoamperometry.11 Also, a transient CV does not give a stoichiometry of 
DNNS–protamine complexes, which was determined as 20 from a steady-state current limited by 
DNNS diffusion at a water-filled pipet.11 We ascribe the slow rate of facilitated protamine 
transfer to the formation of complexes with the large stoichiometry at the interface.11 
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Figure 2-9. A background-subtracted CV of protamine transfer facilitated by DNNS at a 2.2 μm-radius pipet with θ1 
= 6° and θ2 = 12° (cell 3). The potential is given with respect to 
0
P
o
w
′∆ φ . The open circles represent a simulated CV 
of irreversible protamine transfer based on a multistep transfer mechanism (Equations 2.27–29) with parameters 
described in the text. 
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2.5 CONCLUSIONS 
A transient response in cyclic voltammetry at micropipet electrodes is extremely useful for 
kinetic studies of simple and facilitated ion transfer at liquid/liquid interfaces. All kinetic and 
thermodynamic parameters as well as the charge and diffusion coefficients of a transferring ion 
are obtainable from a kinetically-limited transient CV by the finite element simulation. Because 
of slow mass transfer in the inner solution, the transient approach is inherently useful for a study 
of slow ion transfer. In contrast to cyclic voltammetry at macrointerfaces, use of microinterfaces 
in the transient kinetic measurement at a moderate potential sweep rate avoids serious effects of 
uncompensated ohmic resistance and capacitive current. An apparent k0 value of 3.5 × 10−5 cm/s 
thus determined from a transient CV of irreversible protamine transfer facilitated by DNNS is the 
smallest k0 value reported so far for ion transfer at liquid/liquid interfaces.  
Numerical treatment of hindered diffusion in the inner solution is required also for 
accurate analysis of the less informative steady-state CV as obtained at a slower scan rate or with 
a smaller pipet.26, 27 A reliable largest k0 value of ~1 cm/s was reported for quasi-reversible K+ 
transfer facilitated by dibenzo-18-crown-6 at nanopipets, where mass transfer is controlled only 
by hemispherical diffusion in the outer solution.24-26 Overall, an intrinsic rate of ion transfer at 
liquid/liquid interfaces varies by at least 5 orders of magnitude. This information will be useful 
for better understanding of ion transfer at liquid/liquid interfaces and also for further 
development of voltammetric/amperometric ISEs. 
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SUPPORTING INFORMATION 
Finite Element Simulation by COMSOL Multiphysics. 
The SECM diffusion problem defined in the theory section was solved using dimensionless 
parameters defined by 
 R = r/a           (S1) 
 Z = z/a           (S2) 
 C1(R,Z,τ) = ( ) 01 /,, ctzrc         (S3) 
 C2(R,Z,τ) = ( ) 02 /,, ctzrc         (S4) 
 




 ∆−∆
=
′
RT
F )(exp
0
i
1
2
1
2 φφθ         (S5) 
The other dimensionless parameters are given by Equations 2.13–16. Diffusion processes 
(Equations 2.4 and 2.5) are expressed in the respective dimensionless forms as 
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τ∂
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τ∂    (S7) 
The values of 0.25γ and 0.25 in Equations 2.S6 and 2.S7 were used as dimensionless diffusion 
coefficients in the corresponding phases. The boundary condition at the liquid/liquid interface 
(Equation 2.6) is expressed using dimensionless parameters as 
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Equations 2.S8 and 2.S9 are equivalent to the expression of a flux boundary condition in 
COMSOL Multiphysics. The triangle potential wave (Equation 2.9) is given by 
 )]}/ln(2/{sin[sin)/2()]}/ln(2/{sin[sin)/2(1i iλ
1
iλ
1 θθπστπ
λ
θθπστπ θθθ
−−−=      (S10) 
with 
 




 ∆−∆
=
′
RT
F )(exp
0
i
1
2i
1
2
i
φφθ         (S11) 
 




 ∆−∆
=
′
RT
F )(exp
0
i
1
2λ
1
2
λ
φφθ         (S12) 
The other boundary conditions and initial condition are also given using dimensionless 
parameters (see the attached example). The simulation gives a dimensionless current normalized 
with respect to a limiting current at an inlaid disk-shaped interface. 
Effects of Diffusion Coefficient Ratio on Transient CVs 
Transient CVs of reversible, quasi-reversible, and irreversible ion transfer were simulated with 
different diffusion coefficient ratios, γ (Figure 2-S1). In all kinetic regimes, the normalized 
height of a reverse peak increases as γ decreases, enhancing the transient nature of diffusion in 
the inner solution. The peak height is useful for determination of a γ value. At the same time, the 
peak potential shifts toward negative potentials, corresponding to an increase in a mass-transfer 
resistance in the inner solution. In fact, a reversible forward wave also moves toward positive 
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potentials as γ decreases. A γ-dependent shift of a quasi-reversible forward wave is much 
smaller, because the current response on forward potential sweep is affected less by egress ion 
transfer coupled with transient diffusion in the inner solution. In an irreversible kinetic regime, a 
forward wave is independent of γ, because the egress ion transfer is negligible at large negative 
potentials. 
Derivation of Equation 2.22 
The half-wave potential of a reversible steady-state voltammogram in Equation 2.22 was 
obtained as follows. In a reversible case at a steady state, the interfacial potential is given by the 
Nernst equation as 
),0,(
),0,(ln
1
2
i
0
i
1
2
1
2 ∞
∞
+∆=∆ ′
rc
rc
Fz
RTφφ        (S13) 
where ),0,(1 ∞rc  and ),0,(2 ∞rc  are steady-state ion concentrations at the inner and outer 
solution-sides of the interface, respectively. With Equation 2.18, a steady state current controlled 
by hindered diffusion in the inner solution is given by 
( ) ),0,(4 11i ∞= racFDzfi θ         (S14) 
The same steady-state current is sustained by hemispherical diffusion in the outer solution, 
yielding from Equation 2.21 
)],0,([4 202i ∞−= rccaFDxzi         (S15) 
Combination of Equations 2.S13–S15 and Equation 2.21 gives Equation 2.22 as well as Equation 
2.20. 
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Figure 2-S1. Effects of the diffusion coefficient ratio, γ, on (a) reversible, (b) quasi-reversible, and (c) irreversible 
CVs (K = 10, 0.3, and 0.001, respectively) simulated under a transient condition (σ = 0.01) at a conical pipet with 
tan θ = 0.10, where γ = 0.1 (black), 0.3 (blue), 1 (red), 3 (green), and 10 (magenta). 
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Analysis of Quasi-Reversible Steady-State Voltammograms 
A steady-state forward wave of facilitated Ba2+ transfer at v = 2 mV/s was fitted to a theoretical 
equation originally derived for steady-state voltammetry at disk UMEs (Figure 2-8a).S1 The 
equation for ion transfer at liquid/liquid interfaces is given by 
 
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where K and γ are given by Equations 2.14 and 2.15, respectively. 
Supporting Info References 
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COMSOL Model 
A copy of the COMSOL model is available free of charge in the Supporting Information via the 
Internet at http://pubs.acs.org/doi/suppl/10.1021/ac0711642. 
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3.0  NANOPIPET VOLTAMMETRY OF COMMON ION ACROSS A LIQUID–
LIQUID INTERFACE. THEORY AND LIMITATIONS IN KINETIC ANALYSIS OF 
NANOELECTRODE VOLTAMMOGRAMS 
This work has been published as Patrick J. Rodgers, Shigeru Amemiya, Yixian Wang and 
Michael V. Mirkin. Anal. Chem, 2010, 82, 84-90. 
3.1 ABSTRACT 
Finite element simulations of ion transfer (IT) reactions at the nanopipet-supported interface 
between two immiscible electrolyte solutions (ITIES) were carried out, and the numerical results 
were generalized in the form of an analytical approximation. The developed theory is the basis of 
a new approach to kinetic analysis of steady-state voltammograms of rapid IT reactions. Unlike 
the conventional voltammetric protocol, our approach requires the initial addition of a 
transferable ion to both liquid phases, i.e., to the filling solution inside a nanopipet and the 
external solution. The resulting steady-state IT voltammogram comprises two waves 
corresponding to the ingress of the common ion into the pipet and its egress into the external 
solution.  We demonstrate that both ingress and egress waves are required for characterization of 
pipet geometry and precise determination of thermodynamic and kinetic parameters for rapid IT 
reactions.  In this way, one can eliminate large uncertainties in kinetic parameters, which are 
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inherent in the previously reported approaches to analysis of nearly reversible steady-state 
voltammograms of either IT at pipet-supported ITIES or electron transfer at solid electrodes.  
Numerical simulations also suggest that higher current density at the edge of the nanoscale ITIES 
increases the significance of electrostatic effects exerted by the charged inner surface of a pipet 
on IT processes. 
3.2 INTRODUCTION 
 
Nanometer-sized solid electrodes with well-defined geometry and size and nanopipet-based 
voltammetric sensors have emerged as an important tool for studying rapid heterogeneous charge 
transfer.1 Kinetics of fast charge-transfer reactions can be measurable at a nanoelectrode because 
of enhanced mass transfer of species to the nanoscale interface.2 Similar approaches have been 
used to extract the formal potential and the heterogeneous charge-transfer kinetic parameters 
(i.e., the standard rate constant, k0, and the transfer coefficient, α) from a steady-state quasi-
reversible voltammogram of either electron transfer at a solid electrode or ion transfer at the 
pipet-supported liquid/liquid interface. The simplest of them requires only the values of three 
characteristic potentials that can be easily found from a sigmoidal voltammogram.3 According to 
the theory of steady-state voltammetry, a unique combination of kinetic and thermodynamic 
parameters corresponds to a specific set of the half-wave potential and two quartile potentials, 
i.e., potentials at which the current is 1/2, 1/4, and 3/4 of the limiting current.4, 5 Applications of 
this simple method to nanoelectrode voltammetry, however, require extra care both 
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experimentally and theoretically. The precise extraction of quartile potentials is only possible if a 
voltammogram is very well shaped and unaffected by background current, noise, or other 
experimental artifacts—a stringent requirement for a nanoelectrode voltammogram with a low-
pA or sub-pA diffusion limiting current.6  The accuracy and precision of the extracted 
parameters can be somewhat improved by fitting the entire voltammogram to the theory.7 
Another issue is the applicability of the classical electrochemical theory (including the 
assumptions of electroneutrality or diffusion-controlled transport) to nanoelectrodes with a 
characteristic dimension of ~10 nm or less, where the electrical double layer at the nanoscale 
electrode/solution interface affects the mass transfer of species to the interface.8, 9  
Ion-transfer voltammetry at the micropipet-supported interface between two immiscible 
electrolyte solutions (ITIES) was pioneered by the Girault group10 to be followed by more recent 
development of nanopipets.11 The negligibly small ohmic potential drop (typically, <1 mV) and 
low double-layer charging current make pipets very convenient and powerful tools for IT 
measurements at the ITIES.12 At the same time, the asymmetry of the diffusion field at a pipet-
based ITIES, where the diffusion inside a cylindrical shaft is essentially linear in contrast to the 
spherical diffusion of ions to the pipet orifice in the external solution, gives rise to 
complications.13 A cyclic voltammogram (CV) of simple IT at a micropipet consists of an 
apparently steady-state, sigmoidal wave that corresponds to ingress of an ion into the pipet and a 
time-dependent, peak-shaped wave produced by egress of the same ion to the external solution. 
Depending on experimental conditions, simple IT at a nanopipet may produce either an 
asymmetrical transient (i.e., time-dependent) CV14 or a sigmoidal and retraceable steady-state 
voltammogram whose shape, at first glance, is independent of geometry of the pipet inside.14-16 
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In both cases, the orifice radius, a, can be determined from the limiting current, iing, controlled by 
ion diffusion in the external solution (i.e., ingress current in Figure 3-1a) as  
iing = 4xziFD2c2a 
Equation 3.1 
 
where zi, D2 and c2 are the charge of the transferred ion i, its diffusion coefficient and bulk 
concentration in the external solution (phase 2), respectively; and x is a function of rg/a (rg is the 
outer wall radius; rg/a ≅ 1.5 for typical quartz pipets), which was tabulated17 and expressed by an 
analytical approximation.18 With the knowledge of a, kinetic and thermodynamic parameters of 
simple IT reactions were determined from nanopipet voltammograms by using methods 
developed for solid electrodes and ignoring the effects of ion diffusion inside the pipet shaft.14-16  
Recent simulations of micropipet voltammograms showed that geometry of the pipet 
inside can significantly affect IT voltammograms.19-21 The ion diffusion in the narrow inner shaft 
of a tapered pipet is not strictly linear (Figure 3-1b) so that a steady state is attained for egress 
transfer of an ion into the external solution. The resulting steady-state limiting current, ieg, is  
ieg = 4f(θ)ziFD1c1a 
Equation 3.2 
 
where D1 and 1c  are the diffusion coefficient and bulk concentration in the internal solution 
(phase 1), respectively, and f(θ) is a tabulated function of the tip taper angle, θ.21 The half-wave 
potential, 
 
∆φ1/ 2 , of the reversible (Nernstian) simple transfer of ion i from the external solution to 
the pipet under steady state depends on θ as follows21 
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where 
 
∆φi
′ 0 is a formal transfer potential of ion i. Equation 3.3 as well as simulations of quasi-
reversible IT voltammograms21 suggest that kinetic and thermodynamic parameters of simple ITs 
determined without taking into account effects of ion diffusion in the inner space of a nanopipet 
may not be accurate.  
Here we establish the theory for a new voltammetric approach to kinetic study of rapid IT 
at the nanopipet-supported ITIES. We used it to determine kinetic parameters for the rapid 
transfer of tetraethylammonium at nanoscopic 1,2-dichloroethane/water interfaces.22 In contrast 
to previous nanopipet experiments, in which the transferable ion was initially present only in one 
phase (Figures 1a and b), our approach requires the initial addition of a common ion to both 
external and internal solutions (Figure 3-1c).  The resulting IT voltammogram comprises two 
waves corresponding to the ingress of the common ion into the pipet and its egress into the 
external solution. We will demonstrate that this seemingly minor modification is essential for 
successful kinetic analysis of nearly reversible IT voltammograms.  
Although our treatment is focused on steady-state pipet voltammetry, below we will use 
COMSOL Multiphysics package to simulate time-dependent CVs, as discussed previously.21, 23-
25 The results of these simulations will allow us to formulate a set of criteria, which can be used 
to ensure that the IT process reaches a steady state under given experimental conditions.  
Although modeling double layer effects that may result from the presence of charges on the glass 
pipet surface is beyond the scope of this work, we will try to evaluate the significance of the 
“edge effect”26 on the interfacial IT and ion transport inside the pipet.  
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(a)       (b)          (c) 
 
 
Figure 3-1. Scheme of IT and diffusion at tapered nanopipets when an ion is initially present only in the (a) external 
or (b) internal solution or (c) in both solutions. 
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3.3 MODEL 
Simple transfer of an ion with a charge of zi, 
 
izi , is defined by  
kf 
 
izi  (external solution)  
 
izi  (internal solution) 
kb 
Equation 3.4 
 
The heterogeneous rate constants, kf and kb, are given by the Butler-Volmer-type model27 
 
kf = k
0 exp −αziF(∆φ − ∆φi
′ 0 )
RT
 
 
 
 
 
  
Equation 3.5 
 
 
kb = k
0 exp (1−α)ziF(∆φ − ∆φi
′ 0 )
RT
 
 
 
 
 
  
Equation 3.6 
 
where k0 is a standard heterogeneous IT rate constant, F is the Faraday constant, and 
 
∆φ  is the 
Galvani potential difference between two liquid phases. The standard rate constant is expressed 
in a dimensionless form as   
 
λ = k
0a
D2
 
Equation 3.7 
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where D2/a represents a mass transfer rate of ions in the outer solution. Equations 3.4, 3.5, 3.6, 
and 3.7 are also applicable to other first-order charge transfers at ITIES, e.g., facilitated IT with 
ion11 or ionophore21 in excess and electron transfer between aqueous and organic redox species 
when one of them is in excess.28  
Low ionic currents across the nanoscale ITIES allow for simplification of our model such 
that only diffusion is considered as a mode of ion transport in bulk solutions. In nanopipet 
voltammetry, interfacial transfer of an ion at a few mM bulk concentration produces a pA-range 
current. The resulting ohmic potential drop in the external and internal solutions is small enough 
for the effects of migration on ion transport to be negligible. Moreover, the potential gradient 
inside the pipet is not large enough to drive a significant electroosmotic flow along its charged 
inner wall.29 These assumptions have been checked experimentally.21 In contrast, the effect of 
the electrical double layer at the charged pipet surface on nearby ion transport can be significant 
for small pipets as assessed below.   
Diffusion problems for IT voltammetry at pipet electrodes were formulated in cylindrical 
coordinates (Figure 3-2a) and solved using COMSOL Multiphysics version 3.5a (COMSOL, 
Inc., Burlington, MA), as reported elsewhere21 (see Supporting Information for an example of 
Multiphysics simulation). Asymmetric diffusion of ions to the pipet tip in external and internal 
solutions is characterized by geometric parameters including the outer and inner radii of the tip 
(rg and a) as well as its outer and inner taper angles.21 The ratio rg/a = 1.5 determined for typical 
nanopipets by scanning electrochemical microscopy14 and SEM21 was assumed in our 
simulations and yielded x = 1.16 in Equation 3.1.17, 30, 31 A pipet barrel was assumed to have a 
single taper with the identical outer and inner angles, θ, along its length. The simulated IT 
current across the interface, i, was normalized with respect to the limiting current at the inlaid 
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(a)    (b) 
 
 
Figure 3-2 (a) Defined space domain for a finite element simulation of ion transfer at a tapered pipet electrode. (b) 
A steady-state concentration profile of the transferable ion in the internal solution of a nanopipet with θ = 15º 
simulated with c1/c2 = 1 and D1/D2 = 1. The ion was completely depleted at the internal-solution side of the interface 
to simulate the egress limiting current situation. Only the region adjacent to the pipet tip where the ion concentration 
varies between 0 and 95% of its bulk value is shown. 
 
 54 
 disk-shaped interface (id = 4ziFD2c2a). Positive and negative currents in this work correspond to 
the ingress and egress of a cation, respectively (black and red arrows in Figure 3-1). No 
capacitive current was considered in the simulations. The normalized current was plotted against 
zi
 
∆φ  to obtain a CV, where the formal potential was set to 0 V. 
3.4 RESULTS AND DISCUSSION 
3.4.1  Steady-State Voltammetry at Nanopipets 
Previously reported simulations of cyclic voltammetry at pipet-supported ITIES19-21 suggest that 
ion diffusion on either side of the nanopipet tip reaches a steady state during a potential cycle at a 
moderate (mV/s) potential sweep rate, v. The related dimensionless parameter, σ21 
 
σ = a
2
4D2
ziFv
RT
 
Equation 3.8 
 
compares the radius of the interface, a, to the diffusion distance in the external solution, 
 
D2RT /ziFv .
32 In general, the IT process attains a steady state if σ << ~10–4.21 In a typical 
voltammetric experiment at a nanopipet, ν =10 mV/s, a = 50 nm, and D2 = 10–5 cm2/s correspond 
to a very small σ value of 2.4 × 10–7. All CVs in this work were simulated with σ = 10–7 at 
tapered pipets with θ  ≥ 7.5° to obtain sigmoidal forward and reverse waves that completely  
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retrace each other, thereby confirming a steady state. The shape of the simulated steady-state 
voltammograms was independent of the direction of potential sweep, and the initial and final 
potentials. 
Simulation results show that the overall diffusion length at a tapered pipet is mainly 
determined by steady-state thickness of a diffusion layer in the internal solution. With θ = 15°, 
ion diffusion in the internal solution reaches a steady state to develop a thick diffusion layer, 
where the ion concentration reaches ~95 % of the bulk value at ~60a distance from the interface 
when an ion is completely depleted at the internal-solution side of the interface (Figure 3-2b). 
Importantly, this thickness corresponds to only 1.5 µm from a 25 nm-radius tip, thereby quickly 
establishing the steady state. On the other hand, radial diffusion of an ion from the external 
solution to the tip is much less hindered by the pipet wall to give a much thinner diffusion layer 
at a steady state, where an ion concentration at the distance of <8a from the interface recovers to 
95 % of the bulk concentration (see Figure 3-S2) with complete ion depletion at the external-
solution side of the interface. Accordingly, the time required for the IT process to reach a steady 
state is largely determined by the geometry of the pipet inside.  Thus, beside the tip inner radius 
(which is included in the dimensionless parameter σ), the taper angle, θ can also influence the 
attainment of a steady state at the nanopipet-based ITIES. In practice, the variations in θ are 
relatively small, i.e., 9°–22° for quartz nanopipets22 and 3°–6° for micropipets.21, 24 
It should be noted that transient cyclic voltammetry is not practical with a nanopipet. A σ 
value of >10–4 is required for obtaining a transient CV of simple IT even at a narrow pipet with 
the tip angle of ~6° (see Figure 3-4b of ref. 21). This corresponds to ν > 4 V/s, assuming zi = 1, a 
= 50 nm, and D2 = 10–5 cm2/s.  At such a fast potential sweep, a large capacitive current (mostly 
due to stray capacitance of a nanopipet) would severely distort a voltammogram.22 Transient 
 56 
CVs can be obtained at larger (i.e., µm-sized) pipets.  The presence of two—positive and 
negative—waves in a single transient CV allows one to determine all kinetic and thermodynamic 
parameters as well as a and θ.21 A conventional steady-state IT voltammogram, which consists of 
a single positive or negative wave, is less informative.  This limitation can be overcome by 
dissolving a transferable ion in both liquid phases to obtain a nanopipet voltammogram featuring 
both positive and negative steady-state waves. 
3.4.2 Evaluation of Geometric and Thermodynamic Parameters 
Both geometric (a and θ) and thermodynamic (
 
∆φi
′ 0 ) parameters are necessary for determination 
of kinetic parameters (α and k0) from nanopipet voltammograms. If the D1 and D2 values are 
known, geometric parameters can be directly obtained from the positive and negative limiting 
currents in the same nanopipet voltammogram produced by ingress and egress transfers of the 
common ion. Using Equation 3.1, the a value can be found from the ingress limiting current, iing, 
which is essentially independent of θ  (Figure 3-3a). (Small variations in simulated iing values are 
due to simultaneous changes in the external taper angle, which affects ion diffusion from the 
back of a nanopipet.) With the known tip radius, θ  can be determined from the egress limiting 
current, ieg, using Equation 3.2.  f(θ) increases monotonically from 0 to 1 as θ increases from 0º 
to 90º21 (see also Figure 3-3a). This increase reflects gradual transition from linear to 
hemispherical ion diffusion in the internal solution. The linear dependence of ieg on D1 predicted 
by Equation 3.2 was confirmed by numerical simulations for a nanopipet with θ = 15º (Figure 3-
3b).  
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Figure 3-3. Effects of (a) tip angle, θ, and (b) diffusion coefficient ratio, D1/D2, on simulated CVs (solid 
lines) of reversible IT at a nanopipet when an ion is initially present in both phases, and c1/c2 = 1. (a) D1/D2 = 1.  (b) 
θ = 15º. Closed circles represent Equation 3.10. 
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The formal potential can be determined directly from the potential value at zero current, 
∆φeq, in a nanopipet voltammogram of a common ion, as given by 
 
∆φeq = ∆φi
′ 0 +
RT
ziF
ln
c2
c1
 
Equation 3.9 
 
This equilibrium potential is independent of geometric parameters (Figure 3-3a), 
diffusion coefficients (Figure 3-3b), and kinetic parameters (Figures S3a and S4a), and therefore 
the determined 
 
∆φi
′ 0  is unaffected by mass-transfer and charge-transfer effects.  The possibility 
of independent determination of the formal potential is a major advantage of our approach. 
Previously,10,13 
 
∆φi
′ 0 was used as an additional fitting parameter in analysis of quasi-reversible 
CVs, thus, increasing the uncertainties in the determined k0 and α values. 
3.4.3 Analytical Expression for Nanopipet Voltammograms 
To facilitate the extraction of kinetic parameters from experimental steady-state voltammograms, 
an approximate equation was derived for the case when a common ion is present in both liquid 
phases: 
 
i
iing
=
1
ming /meg + ming /kb + kf /kb
kf
kb
−
c1
c2
 
 
 
 
 
  
Equation 3.10 
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where 
 
ming =
4xD2
πa
 
Equation 3.11 
 
and 
 
meg =
4 f (θ)D1
πa
 
Equation 3.12 
 
Eq. 10 is based on the assumption of the uniform accessibility of the interface; its derivation and 
accuracy are discussed in Supporting Information. 
At i = 0, Equation 3.10 gives 
 
kf /kb − c1 /c2 = 0, which is equivalent to the Nernst equation 
(Equation 3.9). With either c1 = 0 or c2 = 0, Equation 3.10 is reduced to Equation 3.S4 or 
Equation 3.S5 (from Supporting Information), which apply to voltammograms with the 
transferable ion present either in the external or internal solution, respectively.  The 
voltammograms calculated from Equations 3.10, 3.S4, and 3.S5 were compared to simulated 
curves to find small errors of <1 % for nearly reversible IT (λ >~1), while maximum errors can 
reach 3% for irreversible reactions. Nevertheless, current density is significantly higher at the 
edge of the interface as demonstrated below. 
It should be noted that electrochemical reversibility of ingress and egress IT processes 
can be different because of the asymmetry of the diffusion field at a pipet-based ITIES as 
represented by different expressions of the corresponding mass transfer coefficients (Equations  
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Figure 3-4. Effects of kinetic (α and λ) and thermodynamic (
 
∆φi
′ 0 ) parameters on simulated CVs (solid lines) of IT 
at a nanopipet when an ion is initially present only in the external (top) or internal (bottom) solution. D1/D2 = 1, θ = 
15º. The c1 value (bottom graph) is 5 times of the c2 value (top).  The dotted curves are simulated Nernstian 
voltammograms. 
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3.11 and 3.12). Thus, different dimensionless kinetic parameters of k0/ming (~λ in Equation 3.7) 
and k0/meg are required for separate assessment of extents of the kinetic/diffusion control of the 
ingress and egress processes, respectively.22 
3.4.4 Determination of Kinetic Parameters from Nearly Reversible Steady-State 
Voltammograms 
A problem that was not recognized in the previous nanopipet studies10,13 is that no unique 
combination of kinetic and thermodynamic parameters can be determined from a nearly 
reversible voltammogram of an ion present only in one phase because the shape of such a curve 
depends weakly on kinetic parameters. The possibility to fit the same experimental curve using 
different combinations of k0 and α leads to significant uncertainties in extracted parameter 
values. For instance, different sets of α and λ can be chosen from wide ranges of 0.20–0.80 and 
0.15–7.0, respectively, such that nearly identical positive waves (ingress) are obtained by 
adjusting 
 
∆φi
′ 0  accordingly (the top of Figure 3-4). This result indicates that an egress IT wave 
with a “conventional” α value of 0.5 and a relatively large λ value of 1.0 (red line) can be fitted 
to a voltammogram using an anomalously large (or small) α value of 0.8 (or 0.2) coupled with an 
underestimated (or overestimated) λ value of 0.15 (or 7.0). Similar trends are also found for 
egress IT waves (bottom of Figure 3-4). Although positive (or negative) waves in Figure 3-4 are 
not completely identical, the differences between them are within the range of uncertainties in 
experimental nanopipet voltammograms caused by capacitive and background currents.22 
In contrast, the kinetic parameters can be precisely determined from a nearly reversible 
nanopipet voltammogram of a common ion, which comprises both positive and negative waves. 
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Separate determination of α and k0 is straightforward because of different dependences of 
positive and negative current responses on the respective parameters (see Supporting Information 
for details). In Figure 3-5a, similar positive current responses are obtained with five different sets 
of α and λ (0.30 to 0.70 and 0.35 to 3.0, respectively). In these cases, the broadening effect of 
smaller α on a positive wave is nearly cancelled by larger λ. The corresponding negative 
responses, however, are readily distinguishable from each other because both smaller α and 
larger λ cause the negative wave to become narrower. On the other hand, by simultaneously 
decreasing α and λ, one can obtain similar negative responses (Figure 3-5b). The corresponding 
positive responses, however, are very different, because decreasing either α or λ results in a 
broader positive wave. Overall, a unique combination of α, λ, and 
 
∆φi
′ 0  can be obtained from a 
near-reversible voltammogram of a common ion in contrast to the cases with an ion present only 
in one liquid phase.  
The aforementioned pitfall in kinetic analysis of nearly reversible IT can also hinder the 
extraction of kinetic parameters from steady-state voltammograms of electron transfer at solid 
electrodes. If only one (either reduced or oxidized) form of redox species is initially present in 
solution to give a single anodic or a cathodic wave, a small error in half-wave and quartile 
potential values can lead to large uncertainties in both kinetic and thermodynamic parameters of 
rapid electron transfer.3 For instance, standard deviations of 0.5 to 1.5 mV in the differences 
between the characteristic potentials produced considerable variations in k0 (between 0.1 and 1 
cm/s) and α (between 0.3 and 0.7) of nearly reversible electroreduction of C60 at a 1 µm-radius 
disk Pt electrode.33 Even larger errors in the characteristic potentials are likely to occur in 
nanoelectrode voltammetry, where low-pA or sub-pA currents have to be measured.  
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Figure 3-5. Effects of α and λ on simulated CVs (solid lines) of IT at a nanopipet with θ = 15º and the transferable 
ion initially present in both phases.  c1/c2 = 5, D1/D2 = 1. The dotted curves are Nernstian voltammograms. 
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3.4.5 Double-Layer and Edge Effects in Nanopipet Voltammetry 
Kinetic analysis of nanopipet voltammograms can be complicated by electrostatic effects 
produced by the negatively charged inner glass wall. The surface charge can influence ion 
transport along the wall electrostatically (dashed arrows in Figure 3-6a).  Additionally, negative 
charges located very close to the orifice can interact with ions transferred at the edge of the 
ITIES adjacent to the pipet wall (solid arrows in Figure 3-6a) and, thus, affect the IT rate. The 
former effect was investigated both experimentally and theoretically using quartz nanopipets34 
and glass nanopore electrodes35, 36 immersed in an aqueous electrolyte solution. Both 
electrostatic effects are more significant for smaller nanopipets, especially with a ≈ 10 nm or 
less. Also, double layer effects at the nanoscopic ITIES, where the diffusion layer thickness is 
comparable to that of the diffuse double layer, may result in deviations from the conventional 
electrochemical theory, as discussed for solid nanoelectrodes.8, 9 Nanopipets with different tip 
sizes have to be used to check experimentally whether double layer effects significantly 
influence kinetic and thermodynamic parameters determined from nanopipet voltammograms.22  
For both ingress and egress ITs, the diffusion current density is higher at the edge of the 
disk-shaped ITIES, as revealed by radial distributions of the ion fluxes across the interface 
simulated for a typical pipet with θ = 15° (Figure 3-6B and Supporting Information).  The 
integration of the interfacial ion flux from the disk center toward the edge shows that large 
fractions of iing and ieg flow through a thin, annulus adjacent to the edge of the interface. For 
instance, 45 and 25 % of the respective total current passes between r = 0.9a and r = a.  This 
range corresponds to <1 nm distance from the charged pipet wall if a < 10 nm (red and black 
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Figure 3-6. (a) Scheme of double layer effects produced by the charged inner pipet wall on IT at the edge of the 
nanopipet-supported ITIES (solid arrows) and far from it (dotted arrows), and ion transport near the interior wall 
(dashed arrows). (b) Radial distributions of local flux of a common ion at the disk-shaped interface controlled by 
diffusion in the internal (red) or external (black) solution. c1/c2 = 5, D1/D2 = 1. The inset shows corresponding 
currents obtained by integrating the ion flux from the disk center toward the edge. 
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lines in the inset of Figure 3-6b), and therefore a significant electrostatic effect on IT at small 
nanopipets can be expected whether this process is controlled by diffusion in the internal or 
external solution (red and black lines, respectively, in Figure 3-6b). 
3.5 CONCLUSIONS 
The theory developed for IT voltammetry of a common ion at the nanopipet-based ITIES 
predicts the advantages of this approach over the conventional protocol, in which a transferable 
ion is initially present only in one liquid phase.  These advantages stem from the availability of 
two waves in a steady-state voltammogram corresponding to the ingress of the common ion into 
the pipet and its egress to the external solution. From two limiting currents of a single 
voltammogram, one can assess asymmetric ion diffusion in the internal and external solutions 
and evaluate the related geometric and transport parameters.  Moreover, the analysis of the 
ingress and egress responses enables accurate and precise evaluation of k0 and α of rapid (almost 
reversible) IT reactions. The precision is enhanced by separate determination of the formal 
potential from the potential of zero current. In contrast, large errors are possible in both kinetic 
and thermodynamic parameters determined from a nearly reversible steady-state voltammogram 
(λ > ~1) containing only one (either ingress or egress) IT wave. This problem may also 
compromise steady-state measurements of rapid electron transfer kinetics at solid electrodes.  If 
only one (either reduced or oxidized) form of redox species is initially present in solution, small 
experimental errors can lead to large uncertainties in kinetic parameters extracted from a single 
anodic or cathodic wave. 
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Another limitation of nanopipet voltammetry is that large current density at the edge of a 
nanoscopic interface increases the significance of the diffuse layer effect produced by surface 
charge residing on the adjacent insulating shroud, e.g., charged inner surface of a glass 
nanopipet. The smaller the electrode radius the stronger the double layer effects; hence the lower 
limit for the electrode size suitable for heterogeneous kinetic measurements and, subsequently, 
the upper limit for the measurable rate constant.  
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SUPPORTING INFORMATION 
Finite Element Simulation 
CVs at nanopipet electrodes were simulated by the finite element method using the COMSOL 
Multiphysics software package as reported elsewhere.S1 A simulation report is attached. See ref 
S1 for definition of normalized parameters. 
Steady-State Ion Diffusion in the External Solution 
Figure 3-S1 shows a steady-state concentration profile of the common ion in the external 
solution. This ion is depleted at the phase boundary, and its quasi-spherical diffusion to the pipet 
orifice in the external solution yields the ingress limiting current (Equation 3.1).   
Reversible Nanopipet Voltammograms with a Transferable Ion Present Only in One Phase 
CVs were simulated for reversible IT at pipets with various tip angles when the transferable ion 
is initially present either in the external or internal solution. These two cases are represented in 
Figure 3-S2a by the top and bottom families of voltammograms, respectively. Effects of the 
diffusion coefficient ratio, D1/D2 (Figure 3-S2b), were simulated for a pipet with θ = 15º and all 
other conditions are same as in panel a. 
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Figure 3-S1. A steady-state concentration profile of the transferable ion in the external solution. The taper angle of 
the nanopipet is θ = 15º; c1/c2 = 1, and D1/D2 = 1. Only the region adjacent to the pipet tip where the ion 
concentration varies between 0 and 95% of its bulk value is shown. 
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Figure 3-S2. Effects of (a) tip angle, θ, and (b) diffusion coefficient ratio, D1/D2, on simulated CVs (solid lines) of 
reversible IT at a nanopipet when the transferable ion is initially present either in the external or internal solution. 
The ion concentration in the internal solution for the egress voltammograms (bottom family of curves in each panel) 
is equal to that in the external solution for the ingress voltammograms (top curves). (a) D1/D2 = 1.  (b) θ = 15º. The 
closed circles represent Equations 3.S4 and 3.S5 for ingress and egress ITs, respectively. 
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Effects of IT Kinetics 
The effects of kinetic parameters, k0 and α, on nanopipet voltammograms are assessed 
independently. Simulation results in Figure 3-S3a demonstrate the effects of λ on ingress and 
egress waves with a common ion present in both phases. As λ decreases, both ingress and egress 
responses become broader and shift toward negative and positive potentials, respectively, so that 
totally irreversible voltammograms are obtained eventually. Similar λ dependences are also 
found by comparing an ingress and an egress waves produced by an ion present in the external 
and the internal solution, respectively (Figure 3-S3b). In contrast to k0,  smaller α results in a 
broader ingress response and a narrower egress response in the quasi-reversible voltammograms 
of an ion in both phases (Figure 3-S4a with λ = 0.3). The asymmetric α effects on the ingress 
and egress responses correspond to α dependences of kf and kb (see Equations 3.5 and 3.6). This 
correspondence is noticeable in a nanopipet voltammogram of an ion in both phases, which 
spans widely to both ingress and egress sides of a formal potential. Asymmetric α dependences 
are also seen in egress voltammograms of an ion in the internal solution (the bottom of Figure 3-
S4b), which are shifted to positive potentials beyond a formal potential because of slow kinetics 
(λ = 0.3). The α dependence of the egress voltammograms at the positive side, however, is much 
weaker than that of the ingress responses to an ion in both phases (Figure 3-S4a) or that of 
ingress responses to an ion only in the external solution (the top of Figure 3-S4b). In the latter 
case, a smaller α value simply results in a broader ingress response under the otherwise identical 
conditions, where the whole ingress response is shifted to the positive side of a formal potential 
because of slow kinetics and asymmetric accessibility of the interface. 
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Figure 3-S3. Effects of dimensionless rate constantλ, on simulated CVs (solid lines) of IT with the transferable ion 
is initially present (a) in both phases and (b) either in the external or internal solution. (a) c1/c2 = 5, (b) c1 (bottom 
family of curves) is five times higher than c2 (top curves). The closed circles represent (a) Equation 3.10 and (b) 
Equations 3.S4 and 3.S5 for ingress and egress voltammograms, respectively. α = 0.5, θ = 15º, D1/D2= 1. 
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Figure 3-S4. Effects of α on simulated CVs (solid lines) of IT. λ = 0.3. The dotted lines represent 
reversible CVs. For other conditions and parameters, see Figure 3-S4. 
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Edge Effects on Ion Transport in the Inner Solution 
Simulation results also demonstrate a moderate edge effect on diffusional ion flux in the inner 
solution when the flux is limited by ion diffusion in the external or internal solution (red and 
black lines, respectively, in Figure 3-S5). Integration of the respective ion flux (red and black 
dotted lines, respectively) gives ~28 % and ~ 20 % of the total current within the distance of 0.1a 
from the inner wall.  
Derivations of Equation 10 and Relevant Equations 
Equation 10 was derived using the assumption that the nanopipet-based liquid/liquid interface is 
uniformly accessible so that the ion concentrations at both sides of the interface (
 
c1
0 and 
 
c2
0) are 
laterally uniform and independent of r. With this assumption, the steady-state IT current is  
 
 
i
πa2ziF
= kfc2
0 − kbc1
0         (S1) 
The same current must flow between the interface and bulk external solution, thereby yielding 
 
  
 
i
πa2ziF
= ming(c2 − c2
0)         (S2) 
Analogously, the current between the interface and internal solution is  
 
  
 
i
πa2ziF
= meg(c1
0 − c1)          (S3) 
By combining Equations 3.S1–S3 to eliminate 
 
c1
0 and 
 
c2
0, one obtains Equation 3.10.  
If the transferable ion is initially present only in the external solution, i.e., c1 = 0, Equation 3.10 
is reduced to Equation 3.S4: 
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i
iing
=
1
ming /meg + ming /kb + kf /kb
kf
kb
 
 
 
 
 
       (S4) 
If the transferable ion is initially present only in the internal solution (c2 = 0), steady-state current 
has to be normalized by ieg, so that Equation 3.10 gives  
 
 
i
ieg
=
1
ming /meg + ming /kb + kf /kb
ming
meg
 
 
  
 
 
        (S5) 
The accuracy of Equations 3.10, 3.S4, and 3.S5 was checked by comparing them with 
simulation results in Figures 3 and S2–S4. It is known that the assumption of uniform 
accessibility at a disk-shaped interface results in larger errors for less reversible reactions.S2 The 
approximate equations (closed circles) perfectly fit simulation results (solid lines) when IT is 
reversible (Figures 3 and S2).  A good agreement can be seen for relatively rapid ITs with λ ~ 1 
(Figures S3 and S4). A more significant deviation is seen for less reversible IT with smaller λ 
(Figures S3). The largest deviations are found in nearly irreversible ingress responses with small 
α or λ values at highly positive potentials (Figure 3-S3). 
Supporting Information References 
(S1) Rodgers, P. J.; Amemiya, S. Anal. Chem. 2007, 79, 9276–9285. 
(S2) Oldham, K. B.; Zoski, C. G. J. Electroanal. Chem. 1988, 256, 11–19. 
COMSOL Model 
A copy of the COMSOL model is available free of charge in the Supporting Information via the 
Internet at http://pubs.acs.org/doi/suppl/10.1021/ac9022428. 
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Figure 3-S5. Radial distributions of local flux of a common ion in the inner solution at the distance of 0.1a from the 
disk-shaped interface as controlled by ion diffusion in the external (red line) or internal (black line) solution with 
c1/c2 = 5 and D1/D2 = 1. The dotted curves show the corresponding currents as obtained by integrating the ion flux 
from the disk center toward the edge. 
 
 
 
 78 
REFERENCES 
(1) Murray, R. W. Chem. Rev. 2008, 108, 2688–2720. 
(2) White, R. J.; White, H. S. Anal. Chem. 2005, 77, 214A–220A. 
(3) Mirkin, M. V.; Bard, A. J. Anal. Chem. 1992, 64, 2293–2302. 
(4) Oldham, K. B.; Zoski, C. G. J. Electroanal. Chem. 1988, 256, 11–19. 
(5) Oldham, K. B.; Myland, J. C.; Zoski, C. G.; Bond, A. M. J. Electroanal. Chem. 1989, 
270, 79–101. 
(6) Watkins, J. J.; Chen, J.; White, H. S.; Abruna, H. D.; Maisonhaute, E.; Amatore, C. Anal. 
Chem. 2003, 75, 3962–3971.  
(7) Sun, P.; Mirkin, M. V. Anal. Chem. 2006, 78, 6526–6534. 
(8) Smith, C. P.; White, H. S. Anal. Chem. 1993, 65, 3343–3353.  
(9) He, R.; Chen, S.; Yang, F.; Wu B. J. Phys. Chem. B 2006, 110, 3262. 
(10) Taylor, G.; Girault, H. H. J. Electroanal. Chem. 1986, 208, 179–183. 
(11) Shao, Y.; Mirkin, M. V. J. Am. Chem. Soc. 1997, 119, 8103–8104. 
(12) Liu, B.; Mirkin, M. V. Electroanalysis 2000, 12, 1433–1446. 
(13) Stewart, A. A.; Taylor, G.; Girault, H. H.; McAleer, J. J. Electroanal. Chem. 1990, 296, 
491–515. 
(14) Cai, C. X.; Tong, Y. H.; Mirkin, M. V. J. Phys. Chem. B 2004, 108, 17872–17878. 
(15) Jing, P.; Zhang, M. Q.; Hu, H.; Xu, X. D.; Liang, Z. W.; Li, B.; Shen, L.; Xie, S. B.; 
Pereira, C. M.; Shao, Y. H. Angew. Chem. Int. Ed. 2006, 45, 6861–6864. 
(16) Li, Q.; Xie, S.; Liang, Z.; Meng, X.; Liu, S.; Girault, H. H.; Shao, Y. Angew. Chem. Int. 
Ed. 2009, 48, 8010-8013. 
(17) Shoup, D.; Szabo, A.  J. Electroanal. Chem. 1984, 160, 27–31 
(18) Zoski, C. G.; Mirkin, M. V. Anal. Chem. 2002, 74, 1986–1992. 
(19) Tsujioka, N.; Imakura, S.; Nishi, N.; Kakiuchi, T. Anal. Sci. 2006, 22, 667–671. 
(20) Nishi, N.; Imakura, S.; Kakiuchi, T. J. Electroanal. Chem. 2008, 621, 297–303. 
(21) Rodgers, P. J.; Amemiya, S. Anal. Chem. 2007, 79, 9276–9285. 
(22) Wang, Y.; Velmurugan, J.; Mirkin, M. V.; Rodgers, P. J.; Kim, J.; Amemiya, S., 
submitted to Anal. Chem. 
(23) Rodgers, P. J.; Jing, P.; Kim, Y.; Amemiya, S. J. Am. Chem. Soc. 2008, 130, 7436–7442. 
(24) Jing, P.; Rodgers, P. J.; Amemiya, S. J. Am. Chem. Soc. 2009, 131, 2290–2296. 
(25) Jing, P.; Kim, Y.; Amemiya, S. Langmuir, http://dx.doi.org/10.1021/la902336w. 
(26) Aoki K. Electroanalysis 1993, 5, 627–639. 
(27) Samec, Z. Pure Appl. Chem. 2004, 76, 2147–2180. 
(28) Cai, C.; Mirkin, M. V. J. Am. Chem. Soc. 2006, 128, 171–179. 
(29) Newman, J.; Thomas-Alyea, K. E. Electrochemical Systems; John Wiley & Sons: 
Hoboken, NJ, 2004. 
(30) Shao, Y.; Mirkin, M. V. J. Phys. Chem. B 1998, 102, 9915–9921. 
(31) Amphlett, J. L.; Denuault, G. J. Phys. Chem. B 1998, 102, 9946–9951. 
 79 
(32) Bard, A. J.; Faulkner, L. R., Electrochemical Methods: Fundamentals and Applications, 
2nd ed.; John Wiley & Sons: New York, 2001, p. 232. 
(33) Mirkin, M. V.; Bulhões, L. O. S.; Bard, A. J. J. Am. Chem. Soc. 1993, 115, 201–204. 
(34) Wei, C.; Bard, A. J.; Feldberg, S. W. Anal. Chem. 1997, 69, 4627–4633. 
(35) Wang, G.; Zhang, B.; Wayment, J. R.; Harris, J. M.; White, H. S. J. Am. Chem. Soc. 
2006, 128, 7679–7686. 
(36) White, H. S.; Bund, A. Langmuir 2008, 24, 2212–2218.  
 80 
4.0  KINETIC STUDY OF RAPID TRANSFER OF TETRAETHYLAMMONIUM AT 
THE  
1,2-DICHLOROETHANE/WATER INTERFACE BY NANOPIPET VOLTAMMETRY 
OF COMMON ION 
This work has been published as Yixian Wang, Jeyavel Velmurugan, Michael V. Mirkin, and 
Patrick J. Rodgers, Jiyeon Kim and Shigeru Amemiya. Anal. Chem, 2010, 82, 77-83. 
4.1 ABSTRACT 
Steady-state voltammetry at the pipet-supported liquid/liquid interface has previously been used 
to measure kinetics of simple and facilitated ion transfer (IT) processes. Recently, we showed 
that the conventional experimental protocol and data analysis produce large uncertainties in 
kinetic parameters of rapid IT processes extracted from pipet voltammograms.  Here, we used a 
new mode of nanopipet voltammetry, in which a transferable ion is initially present as a common 
ion in both liquid phases, and improved methodology for silanization of the outer pipet wall to 
investigate the kinetics of the rapid transfer of tetraethylammonium (TEA+) at the 1,2-
dichloroethane/water interface. This reaction was often employed as a model system to check the 
IT theory.  The determined standard rate constant and transfer coefficient of the TEA+ transfer 
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are compared with previously reported values to demonstrate limitations of conventional 
nanopipet voltammetry with a transferrable ion present only in one liquid phase. 
4.2 INTRODUCTION 
Ion transfer (IT) at the interface between two immiscible electrolyte solutions (ITIES) has been 
extensively studied because of its intrinsic interest as well as its relevance to many important 
chemical and biological systems including sensors, batteries, separations, drug delivery systems, 
and biomembranes.1-6 Micropipet-based electrochemical probes pioneered by the Girault group7 
as well as later developed nanopipets8 have been employed to study these processes. The 
advantages of small pipet electrodes for studying kinetics of IT reactions include fast mass-
transfer rate, negligibly small resistive potential drop, low double-layer charging current, and 
simple steady-state measurements.9 Micropipet voltammetry revealed a broad spectrum of 
standard heterogeneous IT rate constants, k0 (from ~10–1 cm/s to <~10–7 cm/s) of simple transfers 
of alkyl and perfluoroalkyl oxoanions10 and facilitated transfers of hydrophilic anions,11 alkali-
earth metal cation,12 polypeptide protamines,12, 13 and synthetic heparin mimetic.14, 15 A higher 
mass-transfer rate at nanopipets allows faster facilitated8, 16 and simple17-21 IT reactions (e.g., k0 ≥ 
1 cm/s) to be probed by steady-state voltammetry. Pipet-supported ITIES tips were also 
employed as probes for scanning electrochemical microscopy (SECM) to investigate ITs at a 
large ITIES under enhanced mass-transfer conditions.22, 23 
The behaviors of tetraalkylammoniums at the interfaces between water and organic 
solvents—typically, either 1,2-dichloroethane (DCE) or nitrobenzene—have been studied in 
detail using various approaches including electrochemical methods,1-4 synchrotron X-ray 
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reflectivity measurements,24-26 and molecular dynamics simulations.24, 27 Rapid, mechanistically 
simple transfers of tetraalkylammoniums have been widely used as model experimental systems 
for IT studies. In particular, Marcus pointed out that a small standard Gibbs free energy of 
tetraethylammonium (TEA+) transfer at a DCE/water interface eliminates the need to take into 
account large effects of the applied field and the supporting electrolyte, thus, simplifying 
theoretical treatment.28 The reported experimental values, however, vary dramatically from ~10–3 
cm/s to ~110 cm/s,18, 21, 29-37 and there seems to be a strong correlation between the obtained 
value and the mass-transfer rate of the employed method. In a recent study employing 10–300 
nm-radius nanopipets, k0 = 2.3 cm/s was found from quasi-steady-state voltammetry of the TEA+ 
transfer from DCE to the aqueous filling solution, and a very similar value (k0 = 2.1 cm/s) was 
obtained by steady-state voltammetry for the reverse reaction.18 The corresponding transfer 
coefficients, α  = 0.70 and β = 0.60,18 however, are larger than 0.5, and their sum is larger than 
the theoretically expected value of 1.28, 38 More recently, 1.2–3.2 nm-radius pipets were 
employed to obtain a k0 value of 110 cm/s,21 which seems to be overestimated (see below). 
At first glance, a nanopipet appears to be an extremely simple device (Figure 4-1). It is 
created in a flash by pulling a quartz capillary, filling it with an aqueous (or organic) solution and 
immersing in another liquid immiscible with the filling solution. With one reference electrode 
inserted into the pipet and the second reference in the external solution, the system is ready for 
experiments. More detailed studies, however, revealed significant complexity of quantitative 
nanopipet voltammetry, which requires well-defined nanoscopic ITIES formed at the pipet tip. 
One issue is the formation of a thin aqueous film on the hydrophilic outer wall of the pipet.22, 39 
Such a film appears when a water-filled pipet is immersed in an organic solution and results in 
the true area of the liquid/liquid interface being much larger than the geometrical area of the  
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Figure 4-1. Scheme of IT and diffusion at a tapered nanopipet. 
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pipet orifice. The film formation can be avoided by silanizing the outer pipet wall to render it 
hydrophobic while keeping the interior wall non-silanized. The formation of a flat ITIES at the 
orifice of a silanized micropipet22, 40 and nanopipet18 was confirmed by SECM. 
The pipet geometry and dimensions strongly affect asymmetric diffusion of ions in the 
inner and outer solutions and, subsequently, IT voltammograms. The steady-state, quasi-
spherical diffusion flux of ions from the external solution to the pipet tip (ingress current) 
depends on two geometric parameters, the orifice radius, a, and the outer wall radius at the tip, 
rg. For micrometer-sized pipets, both a and rg can be determined by optical microscopy. For a 
nanopipet, both parameters can be evaluated by combination of steady-state voltammetry and 
SECM.18 On the other hand, the diffusion flux in the internal solution (egress current) depends 
on the inner tip angle, θ, in addition to the orifice radius. Recent simulations12, 41, 42 and 
experiments at micropipets12 and nanopipets21 showed that θ can be determined from the egress 
current. However, the results of nanopipet studies of simple ITs are inconsistent: sigmoidal and 
retraceable steady-state cyclic voltammograms (CVs) were obtained with non-silanized17, 21 and 
silanized nanopipets,18 while the latter also gave peak-shaped, transient voltammograms of 
egress TEA+ transfer.18 Improved methodology for silanization of nanopipets discussed below 
can help to eliminate such artifacts and attain better reliability of nanopipet voltammetry. 
In this paper, we employ a new mode of nanopipet voltammetry to study kinetics of rapid 
TEA+ transfer at the DCE/water interface. Our recent simulations43 showed that steady-state 
pipet voltammograms of a common ion present in both inner and outer solutions comprise 
positive and negative waves due to ingress and egress ITs.  The presence of these two waves 
enables precise determination of kinetic and thermodynamic parameters along with θ and a 
values from a single IT voltammogram.  Kinetic parameters of the TEA+ transfer thus 
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determined are compared with the values obtained previously from conventional nanopipet 
voltammetry (with TEA+ initially present only in one liquid phase),18, 21 and origins of the 
discrepancies are investigated. 
4.3 EXPERIMENTAL SECTION 
4.3.1 Chemicals 
The following chemicals were used as received: LiCl and chlorotrimethylsilane from Aldrich; 
tetraethylammonium chloride (TEACl) from Sigma; potassium tetrakis(4-chlorophenyl)borate 
(KTPBCl), and tetrahexylammonium chloride (THACl) from Fluka. 1,2-dichloroethane (DCE) 
from Sigma was distilled before use. Tetraethylammonium tetrakis(4-chlorophenyl)borate 
(TEATPBCl) and tetrahexylammonium tetrakis(4-chlorophenyl)borate (THATPBCl) were 
prepared by metathesis of KTPBCl with TEACl and THACl, respectively, as described 
previously.44 All aqueous solutions were prepared from deionized water (Milli-Q, Millipore 
Corp.). 
4.3.2 Nanopipet Preparation and Characterization by SEM 
Nanopipets were made from 10 cm long quartz capillaries (outer/inner diameter ratio of 1.0/0.70; 
Sutter Instrument Co., Novato, CA) using a laser-based pipet puller (P-2000, Sutter Instrument 
Co.) as described previously.8, 18-20 Representative pulling parameters used to produce an ~100 
nm pipet are: HEAT = 710, FILAMENT = 4, VELOCITY = 28, DELAY = 120, PULL =130.  
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However, the parameter values may not be the same for different P-2000 pullers.  Moreover, 
even for the same instrument, the parameters have to be adjusted occasionally to produce pipets 
of the desired size and shape.  The outer glass wall of a pipet was silanized to render it 
hydrophobic. An improved method for nanopipet silanization is described in Results and 
Discussion. An Olympus BH2 optical microscope was used to inspect all prepared pipets before 
measurements. 
A field-emission SEM—either Philips Electron Optics XL-30 (image in Figure 4-2) or 
Zeiss Supra 55 VP (images in Figure 4-3) was employed to visualize the tips of silanized 
nanopipets.  Either an ~3 nm-thick Au (Figure 4-3) or a 20 nm-thick Pd (Figure 4-2) layer was 
coated on the otherwise insulating nanotip to be imaged without significant charging. An ~1 cm-
long tip was cut from the nanopipet and coated with a Au or Pd layer by sputtering while the 
tapered end was directed vertically toward the target. 
4.3.3 Voltammetric Measurements 
Voltammetric experiments were carried out at room temperature (23 ± 2 ºC) in a two-electrode 
cell: 
Ag/AgTPBCl/cDCE mM TEATPBCl + 9.4 mM THATPBCl//cw mM TEACl + 0.1 M LiCl/AgCl/Ag              (cell 1) 
   outer DCE solution    pipet 
 
The pipets were filled with aqueous solution from the rear using a 10 μL syringe. CVs were 
obtained with a BAS 100B/W electrochemical workstation (Bioanalytical Systems, West 
Lafayette, IN). The voltage was applied between two 0.25-mm-diameter Ag wires coated with  
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Figure 4-4-2. An SEM image of an “oversilanized” nanopipet. 
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(a) 
 
 
(b) 
 
 
Figure 4-3. Top view SEM images of (a) silanized and (b) non-silanized nanopipets pulled from the same quartz 
capillary. 
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either AgCl (aqueous reference inside a pipet) or AgTPBCl (external organic reference). The 
current produced by the cation transfer from the outer DCE phase to the inner aqueous phase was 
designated as positive. 
4.4 RESULTS AND DISCUSSION 
4.4.1 Silanization and SEM of Nanopipets 
In previous publications, 8, 18-20, 22, 39 the silanization of the outer wall was done by dipping the 
pipet tip into a silanizing agent (chlorotrimethylsilane) while passing a flow of argon through the 
pipet. We found that for nanopipets this method yields less consistent results than for 
micrometer-sized pipets and often gives “oversilanized” pipets, as revealed by SEM. The wall of 
an “oversilanized” pipet is very thick (Figure 4-2), and rg/a ≅ 3.9 is exceedingly large for a pipet 
pulled from a thin-wall quartz capillary. Consequently, not only the inner tip radius is decreased 
but also the pipet shaft can be narrowed, which complicates ion diffusion in the internal solution 
and may impair the data analysis. 
To avoid oversilanization, we silanized nanopipets in the vapor of chlorotrimethylsilane. 
This was done by holding a pipet 1–2 cm above the surface of liquid chlorotrimethylsilane for ~1 
min, while the flow of argon was passed through the pipet from the back to avoid silanization of 
the inner pipet wall. The required silanization time depends on the distance between the 
chlorotrimethylsilane surface and the pipet, its radius, and room temperature. An SEM image of 
a typical, correctly silanized nanopipet is shown in Figure 4-3a, where no orifice blocking 
occurred. The orifice size and shape of the silanized nanopipet are very similar to those of a non-
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silanized nanopipet (Figure 4-3b), which was pulled from the same quartz capillary as the 
silanized pipet. This result indicates that the thickness of the hydrophobic surface layer produced 
by silanization is much smaller than the pipet wall thickness. From a series of SEM images, a 
typical thickness of this layer is a few nm.  This number is negligible for a large (e.g., a > 100 
nm) pipet, but it may be significant for smaller (a ~ 20 nm) pipets, which require very careful 
silanization; silanizing very small pipet (e.g., a < 5 nm21) may be difficult, if at all possible.  
Additionally, side-view images of a correctly silanized nanopipet (data not shown) demonstrate 
that the pipet barrel has a single taper with an outer angle of ~18° along the length of >3 µm 
from the tip, which supports an assumption in our theoretical model.43 SEM determination of the 
inner angle, however, was hampered by the pipet wall. 
4.4.2 Voltammetric Characterization of Silanized and Non-Silanized Nanopipets. 
Voltammetry of TEA+ as a common ion was used to characterize silanized and non-silanized 
nanopipets. A pair of pipets with the same radius was pulled from the same quartz capillary to 
compare the responses of silanized and non-silanized nanopipets. Both pipets were filled with 
aqueous TEA+ solution and immersed in a DCE containing TEA+ to obtain CVs of TEA+ egress 
and ingress (Figure 4-4). Both ingress and egress waves are sigmoidal, thereby confirming 
steady-state diffusion of TEA+ on both sides of the nanoscale interface, in agreement with our 
simulation results.43 These steady-state voltammograms are not perfectly retraceable, because of 
capacitive current.  
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Figure 4-4. CVs of TEA+ transfer across the DCE/water interfaces obtained with a pair of silanized (red) and non-
silanized (black) pipets. The CVs were obtained in cell 1 with cw = 0.3 mM and cDCE = 2.7 mM. The CV at the 
silanized pipet corresponds to entry 2 in Table 1. Scan rate was 10 mV/s. 
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Noticeably, the positive limiting current produced by the ingress of TEA+ at the non-
silanized pipet is ~2.2 times larger than that at the silanized nanopipet. A steady-state diffusion 
limiting current based on ingress IT is given by  
iing = 4xziFDDCEcDCEa 
Equation 4.1 
 
where zi, DDCE and cDCE are the charge of the transferred ion i, its diffusion coefficient and bulk 
concentration in the external DCE solution, respectively; and x is a function of rg/a, which was 
tabulated22, 45 and expressed by an analytical approximation for disk-shaped interfaces.46 
Assuming a disk-shaped interface formed at the tip of the silanized pipet with rg/a = 1.5 for x = 
1.16,22, 45 a = 16 nm was found from the ingress limiting current using Equation 4.1 with DDCE = 
1.0 × 10–5 cm2/s.14, 39 This radius is very similar to the radius determined from the positive 
limiting current at the non-silanized pipet, where the formation of a thin water layer on the outer 
wall results in a larger x value of 3.35π/4.18 The nearly identical radii of the silanized and non-
silanized pipets are consistent with their originating from the same capillary. 
 In contrast, similar negative limiting currents were obtained with the pair of the silanized 
and non-silanized nanopipets. With a disk-shaped interface formed at the tip of a silanized 
nanopipet, the corresponding egress limiting current is given by 
ieg = 4f(θ)ziFDwcwa 
Equation 4.2 
 
where Dw and cw are the diffusion coefficient and bulk concentration in the internal aqueous 
solution, respectively, and f(θ) is a tabulated function of the tip inner angle, θ.12 An analytical 
approximation for this function 
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f(θ) = 0.0023113912 + 0.013191803θ + 0.00031738596θ1.5 – 5.8554625×10–5θ2 
Equation 4.3 
 
fits the simulated values over the entire range of θ from 1º to 89º within <1%. With the tip radius 
determined from the ingress limiting current, the corresponding egress limiting current at the 
silanized nanopipet yields f(θ) = 0.16 with Dw = 1.0 × 10–5 cm2/s.14, 39 According to Equation 4.3, 
f(θ) = 0.16 corresponds to θ = 10°. The very similar egress currents at the silanized and non-
silanized nanopipets suggest that inner angles of the pair of the nanopipets pulled from the same 
capillary are also similar. The geometric quantities, a and θ, are necessary for the determination 
of kinetic parameters from a nanopipet voltammogram (see below). These parameters control the 
mass transfer coefficients for the ingress and egress ion transfers, respectively, as given by43  
ming a
xD
π
DCE4=  
Equation 4.4 
 
meg
( )
a
Df
π
θ w4=  
Equation 4.5 
 
For a = 16 nm and θ = 10°, Equations 4.4a and 4.4b yield ming = 9.0 cm/s and meg = 1.1 cm/s. 
The meg value is smaller than ming, because the diffusion geometry in the pipet shaft is closer to 
linear than to hemispherical due to the relatively small taper angle (f(θ) << 1). Importantly, a 
conventional nanopipet voltammogram obtained with TEA+ present only in one phase contains 
either an ingress or an egress wave, so that it is impossible to extract both geometric parameters 
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(and subsequently both ming and meg) from such a voltammogram. Therefore, kinetic parameters 
can not be precisely determined from a single conventional voltammogram if it is affected by ion 
diffusion in both phases.43 
 It should be noted that CVs of a common ion contain a zero current point, at which the 
potential (equilibrium potential,   
 
∆DCE
w φeq ) is given by the Nernst equation  
  
 
∆DCE
w φeq = ∆DCE
w φ
TEA+
′ 0 +
RT
ziF
ln
cDCE
cw
 
Equation 4.6 
 
where   
 
∆DCE
w φ
TEA+
′ 0  is the formal potential of the TEA+ transfer. (The difference between   
 
∆DCE
w φeq  
values in CVs obtained with silanized and non-silanized nanopipets in Figure 4-4 is due to the 
use of different organic reference electrodes.) Importantly,   
 
∆DCE
w φ
TEA+
′ 0  can be found directly from 
  
 
∆DCE
w φeq  using Equation 4.5. In contrast, no   
 
∆DCE
w φeq value can be found from a conventional 
steady-state IT voltammogram, and   
 
∆DCE
w φ
TEA+
′ 0  has to be determined as an additional fitting 
parameter; this increases the uncertainties in the extracted k0 and α values. 
4.4.3 Kinetic Analysis of Nanopipet Voltammograms of Tetraethylammonium as a 
Common Ion.   
 After the a and θ values are evaluated from the limiting currents, the kinetic parameters (k0 and 
α) for rapid TEA+ transfer can be determined from the same quasi-reversible nanopipet 
voltammogram of TEA+. Both parameters are obtained by fitting a whole voltammogram to the 
theory (Equation 4.6)43 
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The heterogeneous rate constants, kf and kb, are given by the Butler-Volmer-type model as 
  
 
kf = k
0 exp
−αziF(∆DCE
w φ − ∆DCE
w φ
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′ 0 )
RT
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and 
  
 
kb = k
0 exp
(1− α)ziF(∆DCE
w φ − ∆DCE
w φ
TEA+
′ 0 )
RT
 
 
 
 
 
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Equation 4.9 
 
where   
 
∆DCE
w φ  is the Galvani potential difference between the aqueous and DCE phases.  
In practice, the precision of kinetic analysis is largely determined by the quality of the 
experimental voltammogram and particularly by the magnitude of the background current.  In 
previous studies,8,18 the quality of steady-state voltammograms was improved by background 
subtraction. In voltammetry of a common ion, the background subtraction is not straightforward 
because it is difficult to fill the pipet with a blank solution for background measurements and 
then to refill it with a solution containing the common ion. Without the background subtraction, 
the aforementioned CV of TEA+ in both phases of the silanized nanopipet shows significant 
capacitive current (Figure 4-5a). Nevertheless, it fits well the theoretical curve calculated from 
Equation 4.6, and the unique combination of the kinetic parameters, α = 0.67 and k0 = 6.4 cm/s 
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can be extracted from the best fit. As discussed in ref. 43, the unique fit of the experimental 
steady-state voltammogram to the theory can be obtained only when both ingress and egress IT 
waves are quasi-reversible. Different extents of reversibility (i.e., kinetic vs. diffusion control) of 
the ion ingress and egress processes can be assessed using two dimensionless parameters, λing = 
k0/ming = 0.71 and λeg = k0/meg = 5.8.42 Both λing and λeg are smaller than 10, confirming that both 
ingress and egress ITs are quasi-reversible.  
Similar kinetic parameters were determined with various pipets at different TEA+ 
concentrations (Table 1). Higher quality CVs with less interference from background currents 
allow for more accurate and precise determination of kinetic parameters. The measured charging 
current was always much higher than expected for nm-sized liquid/liquid interfaces, and its value 
did not decrease significantly with decreasing a (data not shown). These observations suggest 
that the charging current is mostly due to the stray capacitance of a nanopipet. The background 
current can be diminished by decreasing the scan rate (e.g., ν = 2 mV/s in Figure 4-5b and entries 
5 and 6 in Table 1). Also, larger egress current with respect to charging current was obtained at a 
nanopipet with a larger tip angle (θ = 22º in Figure 4-5c; entry 7 in Table 1), where ingress 
current was also enhanced by employing a higher concentration of TEA+ in the outer solution.  
In Table 1, k0 = 6.1 ± 0.9 cm/s and α = 0.49 ± 0.09 were obtained using seven nanopipets 
with different radii. This α value is expected for a simple one-step IT process28 not complicated 
by double-layer effects produced either by ITIES or by the negatively charged orifice and wall of 
a quartz pipet.43 The independence of kinetic parameters from pipet size indicates that these tips 
are large enough to avoid significant double-layer effects. The small voltage required to drive the  
TEA+ transfer due to its near-zero standard Gibbs energy is another important factor diminishing 
the interfacial double layer effects.28 
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The kinetic parameters determined here with TEA+ as a common ion are significantly 
different from values previously determined from conventional nanopipet voltammograms with 
TEA+ present only in one phase. In the latter case, the analysis of a nearly reversible 
voltammogram with λing (or λeg) > 1 does not give a unique combination of kinetic and 
thermodynamic parameters for rapid IT,43 which is a major source of errors in k0 and α values 
previously reported for the TEA+ transfer.18 In this way, the underestimated standard rate 
constants (k0 ~ 2 cm/s) and overestimated transfer coefficients (α, β > 0.5) were obtained from 
CVs of ingress and egress TEA+ transfer recorded at different nanopipets.18 The errors in the β  
and k0 values reported for the egress of TEA+ from water-filled pipets were somewhat larger 
because of the neglected effect of ion diffusion in the internal solution.  
Several factors discussed above may account for striking differences between the ko 
values reported here and the rate constants of the TEA+ transfer from extremely small (a ≥ 1 nm) 
water-filled pipets to DCE measured in ref. 21.  The most important factor seems to be slow 
diffusion inside the pipet.  In ref. 21, the mass transfer coefficient for TEA+ egress was expressed 
as Dw/a.  In this way, meg for a = 1 nm was found to be ≥100 cm/s.  In contrast, eq. 4b yields meg 
= 12.4 cm/s for a = 1 nm and θ = 7º assumed in ref. 21.  With this correction, the rate constants 
found in ref. 21 would be ~10 times smaller.  Another likely reason for significant 
overestimation of k0 was the lack of pipet silanization, which may result in the true ITIES area 
much larger than that evaluated from the diffusion limiting current.39  Finally, the double layer 
effects and possible deviations from the conventional theory may complicate the IT kinetic 
measurements at ultra-small pipets. The last two factors, which are very difficult to control or 
describe quantitatively, may be assessed experimentally by using common ion voltammetry to 
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minimize the errors associated with the diffusion inside the pipet and varying a within a broad 
range  to explore possible deviations of voltammetric response from the classical theory. 
4.5 CONCLUSIONS 
A new approach to IT kinetic measurements based on nanopipet voltammetry of a common ion 
was employed to determine kinetic parameters of the rapid TEA+ transfer at the DCE/water 
interface, k0 = 6.1 ± 0.9 cm/s and α = 0.49 ± 0.09. Both α and k0 were found to be essentially 
independent of the pipet radius. The determined α value agrees with the theoretical predictions, 
and the k0 value may be representative for IT reactions with a near zero standard Gibbs energy of 
transfer.28 The availability of two current waves in the steady-state voltammogram corresponding 
to the ingress and egress of the common ion improves the reliability of our kinetic analysis and 
ensures the unique fit of an experimental voltammogram to the theory.  
To carry out successful kinetic experiments at the nano-ITIES, one has to correctly 
silanize the outer nanopipet wall. The developed new protocol helps to avoid the oversilanization 
problem that was likely undetected in previous nanopipet studies. High-resolution SEM images 
showed that proper silanization does not significantly affect a and causes only a minor increase 
in rg even when the pipet radius is as small as ~20 nm. Carefully silanized nanopipets with 
different tip radii are needed for assessment of double layer effects, which are expected to 
depend on a.43 Silanized nanopipets can also be employed as SECM probes for high-resolution, 
chemically selective imaging of topography and ionic conductivity of membranes and various 
interfaces.47 
(a) 
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Figure 4-5. Steady-state CVs of TEA+ transfer across the DCE/water interface obtained with nanopipets in cell 1. 
The best theoretical fits (closed circles) to the experimental curves (red line) were calculated from Equation 4.6 with 
parameters in entries (a) 2, (b) 5, and (c) 7 of Table 1. Scan rates are 10, 2, and 10 mV/s, respectively. 
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Table 4-1. Geometric, Transport, and Kinetic Parameters Determined from Nanopipet Voltammograms of TEA+ at DCE/Water Interfaces. 
 
  geometric parameters transport parameters kinetic parameters 
No. cDCE:cw a nm f(θ) θº ming cm/s meg cm/s k0 cm/s α 
1 0.3:2.7 20 0.16 12 7.1 1.0 6.5 0.44 
2 0.3:2.7 16 0.14 10 9.0 1.1 6.4 0.67 
3 0.2:2.1 9.7 0.15 11 15 1.9 4.8 0.51 
4 0.4:2.1 11 0.15 11 14 1.8 7.6 0.48 
5 0.4:2.1 15 0.13 9.5 9.7 1.1 5.2 0.40 
6 0.4:2.1 16 0.12 9.0 9.1 0.97 5.4 0.40 
7 1.7:2.6 19 0.29 22 7.8 2.1 6.5 0.50 
8 0.56:2.6 33 0.23 17 4.5 0.97 6.5 0.50 
9 0.21:2.1 215 0.24 17 0.67 0.14 Nernstian 
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5.0  ELECTROCHEMICAL RECOGNITION OF SYNTHETIC HEPARIN MIMETIC 
AT LIQUID/LIQUID MICROINTERFACES 
This work has been published as Patrick J. Rodgers Ping Jing, Yushin Kim, and Shigeru 
Amemiya. J. Am. Chem. Soc. 2008, 130, 7436–7442. 
5.1 ABSTRACT 
Electrochemically-controlled molecular recognition of a synthetic heparin mimetic, Arixtra, at 
nitrobenzene/water microinterfaces was investigated to obtain a greater understanding of 
interfacial recognition and sensing of heparin and its analogues with biomedical importance. In 
contrast to unfractionated heparin, this synthetic pentasaccharide that mimics the unique 
Antithrombin III binding domain of heparin possesses well-defined structure and ionic charge to 
enable quantitative interpretation of cyclic voltammetric/chronoamperometric responses based 
on the interfacial recognition at micropipet electrodes. Arixtra is electrochemically extracted 
from the water phase into the bulk nitrobenzene phase containing highly lipophilic ionophores, 
methyltridodecylammonium or dimethyldioctadecylammonium. Numerical analysis of the 
kinetically controlled cyclic voltammograms demonstrates for the first time that formal 
potentials and standard rate constants of polyion transfer at liquid/liquid interfaces are 
ionophore-dependent. Moreover, octadecylammonium and octadecylguanidinium are introduced 
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as new, simple ionophores to model recognition sites of heparin-binding proteins at liquid/liquid 
interfaces. In comparison to octadecyltrimethylammonium, the best ionophore for heparin 
recognition at liquid/liquid interfaces reported so far, these new ionophores dramatically 
facilitate Arixtra adsorption at the interfaces. With a saline solution at physiological pH, an 
Arixtra molecule is selectively and cooperatively bound to 5 molecules of the guanidinium 
ionophore, suggesting hydrogen-bond-directed interactions of each guanidinium with a few of 10 
negatively charged sulfo or carboxyl groups of Arixtra at the interfaces. 
5.2 INTRODUCTION 
Molecular recognition of heparin and low-molecular-weight heparin (LMWH) is a crucial step in 
chemical sensing of these polyanionic carbohydrates1with broad biomedical importance as an 
anticoagulant, an antineoplastic, and beyond.2 Potentiometric heparin-sensitive electrodes were 
developed by employing a liquid membrane doped with chloride salts of lipophilic quaternary 
ammonium ions such as ionophore 1 (Scheme 5-1).3 Heparin and LMWH have been considered 
to be extracted from an aqueous sample into the liquid membrane to be ion-paired with the 
positively charged ionophore. Overall anion-exchange extraction of heparin is 
thermodynamically favorable, resulting in a large change in the phase boundary potential at the 
liquid membrane/sample solution interface under non-equilibrium conditions.3b More 
sophisticated ionophores with either primary ammonium4 or guanidinium5 groups were 
synthesized for heparin recognition and assays in bulk water or blood serum. These cationic sites 
strongly and selectively bind to oxoanionic groups not only by ion pairing but also by hydrogen 
bonding.6 In fact, heparin-binding proteins utilize arginine- and lysine-enriched peptides as 
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recognition sites based on guanidinium and primary ammonium ions, respectively.7 A highly-
selective potentiometric sensor for heparin and LMWH was developed by using silicon field-
effect transistors modified with heparin-binding proteins such as protamine and Antithrombin 
III.8  
 
 
H3C
N
CH3
CH3(CH2)17 (CH2)17CH3
CH3
N
H3C
CH3CH3(CH2)17
H
N
H
HCH3(CH2)17 N
(CH2)17CH3
H
N
N
H H
H
H
CH3
N
CH3(CH2)11
CH3(CH2)11
(CH2)11CH3
1 2
3 4 5  
 
Scheme 5-1 
 
 
Recently, we9 and others10 have successfully developed novel heparin sensors by 
employing amperometry/voltammetry at interfaces between a heparin-containing aqueous phase 
and an ionophore-containing organic phase. With this electrochemical approach at liquid/liquid 
interfaces,11 the phase boundary potential is controlled externally to selectively and reversibly 
drive interfacial complexation of heparin with positively charged ionophores such as 1–3, which 
can be  monitored as an ionic current response to heparin. Lowest detection limits of heparin 
reported so far (0.13 unit/mL in sheep blood plasma9a and 0.005 unit/mL in a saline solution9b) 
were obtained by stripping voltammetry based on adsorption of heparin as ionophore 3 
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complexes. The detection limits are lower than high-dose heparin (2.3–4.2 unit/mL) during 
cardiopulmonary bypass, vascular surgery, and angiographic/catheterization procedures12 and are 
comparable to low-dose heparin (0.4–0.7 unit/mL) for thromboembolic disease.13 
The recent amperometric/voltammetric studies also revealed that heparin recognition at 
liquid/liquid interfaces is poorly understood, thereby limiting further development of this 
promising sensor technology. The amperometric/voltammetric responses rise from heparin 
adsorption rather than from complete extraction of heparin into the organic phase.9,10The 
extraction process, however, has been considered as an origin of the non-equilibrium 
potentiometric heparin responses,3b,c which can be also affected by simultaneous interfacial 
adsorption.14 Heparin adsorption is facilitated more by an ionophore with a less bulky 
ammonium group in the order of 3 > 2 > 1 as expected for the strength of the ion pairing.9a In 
contrast, a much larger potentiometric response was obtained with ionophore 1 than with 
ionophore 2 or hexadecyltrimethylammonium, an analogue of ionophore 3.3d Moreover, 
facilitated heparin adsorption is so slow that a resulting voltammogram is electrochemically 
irreversible either at micro-9a or macro-interfaces,9b while, a nernstian process has been assumed 
to explain voltammetric10 and non-equilibrium potentiometric3b,15 heparin responses at 
macrointerfaces. A major obstacle to a better understanding of heparin recognition at 
liquid/liquid interfaces is polydispersity of unfractionated heparin with molecular weight in the 
range of 5,000–40,000,7 which hinders quantitative interpretation of the electrochemical 
responses. 
Here we report on electrochemically-controlled molecular recognition of a synthetic 
heparin mimetic, Arixtra16 (also known as fondaparinux sodium; Scheme 5-2), at 
nitrobenzene/water microinterfaces to obtain a greater understanding of interfacial heparin 
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recognition. This synthetic LMWH mimics a pentasaccharide that serves as the unique 
Antithrombin III binding domain of heparin to inhibit blood coagulation. Despite its wide use as 
a FDA-approved anticoagulant drug for prophylaxis of deep vein thrombosis, there have been 
only a few studies of monitoring Arixtra in a saline solution8 and human blood samples.17 
Importantly, structurally well-defined Arixtra enables quantitative assessment of its 
electrochemical recognition by employing cyclic voltammetry/amperometry at the micrometer-
sized interface formed at the tip of a glass micropipet electrode (scheme 5-3).18,19 In addition to 
quaternary ammonium ionophores 1–3, octadecylammonium 4 and octadecylguanidinium 5 are 
characterized as new, simple ionophores that model recognition sites of heparin-binding proteins 
at the interfaces. In fact, Arixtra–Antithrombin III binding is mediated by ammonium and 
guanidinium groups of lysine and arginine residues of the protein.20 Also, interfacial interactions 
of proteins with heparin-like linear, highly charged polysaccharides, glycosaminoglycans, linked 
to cell membranes regulate intracellular communication.7b 
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5.3 EXPERIMENTAL 
5.3.1 Chemicals 
Tetradodecylammonium (TDDA) bromide, methyltridodecylammonium  iodide, 
octadecyltrimethylammonium bromide, nitrobenzene (>99%), chlorotrimethylsilane (99%), and 
tetraethylammonium (TEA) hydroxide (20 wt % in water) were obtained from Aldrich 
(Milwaukee, WI). Dimethyldioctadecylammonium chloride was from Tokyo Kasei Kogyo 
(Tokyo, Japan). Octadecylamine hydrochloride was from Alfa Aesar (Ward Hill, MA). 
Tris(hydroxylmethyl) aminomethane (Tris Base, 99.9%), and p-toluenesulfonate monohydrate 
(98.5%) were from Sigma (St. Louis, MO). Arixtra (2.5mg/0.5mL and 7.5mg/0.6mL) was 
purchased from GlaxoSmithKline (Research Triangle Park, NC) as a saline solution for 
intravenous injection. Potassium tetrakis(pentafluorophenyl)borate (KTFAB) was from Boulder 
Scientific Co. (Mead, CO). All reagents, except Arixtra, were used as received. All aqueous 
solutions were prepared with 18.3 MΩ cm-1 deionized water (Nanopure, Barnstead, Dubuque, 
IA). 
5.3.2 Dialysis of Arixtra Solutions 
Original Arixtra solutions were dialyzed against deionized water using a membrane with 500 
molecular weight cutoff to remove sodium chloride because of serious chloride interference in 
some electrochemical experiments. Ready-to-use devices (DispoDialyzer, Spectrum 
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Laboratories, Inc., Rancho Dominguez, CA) were used for the dialysis. An Arixtra concentration 
in the dialyzed solution was determined using a pipet electrode filled with a nitrobenzene 
solution of ionophore 2 after calibration with standard solutions obtained by diluting an original 
Arixtra solution.  
5.3.3 Preparation of Ionophore–TFAB Salts 
TFAB salts of quaternary ammonium ionophores 1–3 and a supporting electrolyte TDDA were 
prepared as reported previously.9 TFAB salts of octadecylammonium 4 or octadecylguanidinium 
5 were prepared by metathesis of KTFAB and octadecylguanidinium p-toluenesulfonate or 
octadecylamine hydrochloride in methanol. A dichloromethane solution of the mixture was 
washed several times with deionized water. The solvent was removed by rotary evaporator and 
the product was dried further under vacuum. Octadecylguanidinium p-toluenesulfonate was 
synthesized and characterized as described elsewhere.21 
5.3.4 Fabrication of Micropipet Electrodes 
Micropipet electrodes were made from borosilicate glass capillaries (o.d./i.d. = 1.0 mm/0.58mm, 
10 cm in length) from Sutter Instrument Co. (Novato, CA) using laser-based pipet puller (model 
P-2000, Sutter Instrument).9a,19 The inner and outer tip radii, a and rg, and the inner and outer tip 
angles, θ1 and θ2, were determined as reported elsewhere.19d The inner or outer wall of each 
pipet was silanized with chlorotrimethylsilane so that either an organic or an aqueous solution, 
respectively, was injected into the pipet from the back using a 10-µL syringe. 
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5.3.5 Electrochemical Measurements 
A computer-controlled CHI 660B electrochemical workstation equipped with CHI 200 
picoampere booster and Faraday cage (CH instruments, Austin, TX) was used for all 
electrochemical measurements. The electrochemical cells employed are as follows: 
Ag | AgCl | x µM Arixtra (aqueous buffer) || y mM ionophore–TFAB salt in 0.1 M TDDA–TFAB 
(nitrobenzene) | Ag 
Concentrations of Arixtra and ionophore salt as well as buffer compositions are given in 
corresponding figures and legends. 
The potential of a nitrobenzene phase was given with respect to a formal potential of 
TEA+ transfer19d in Figures 1–4 and S5. A current carried by a negative charge from the aqueous 
phase to the organic phase was defined to be negative. Background-subtracted data are reported 
except in Figure 5-S2. A background current response was obtained using a cell without Arixtra 
in the aqueous phase. All electrochemical experiments were performed at 22 (±3 °C). 
5.4 RESULTS AND DISCUSSION 
5.4.1 Electrochemical Characterization of Arixtra Recognition at Microinterfaces: 
Methodology 
In this study, stability of Arixtra–ionophore complexes and potential-dependent dynamics of 
their formation are elucidated for various ionophores by cyclic voltammetry/amperometry at 
micropipet electrodes. Recently, we developed this unique electrochemical methodology into a 
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powerful approach to study complicated transfers of polyions such as unfractionated heparin9a 
and protamine.19 In addition to the complexation stability and dynamics, it is directly determined 
from a cyclic voltammogram (CV) whether Arixtra–ionophore complexes formed at the interface 
are extracted into the organic phase19a as defined by 
Az (aqueous phase) + sLH+ (organic phase)  A(LH)s(z+s) (interface)  A(LH)s
(z+s) 
(organic phase)  (1) 
where Az, LH+, and A(LH)s(z+s) represent Arixtra, ionophore, and their complexes, respectively. 
Multiple charges transferred by each Arixtra molecule, z, and corresponding large stoichiometry 
of the complexes, s, are determined from limiting currents controlled by diffusion of Arixtra and 
ionophore to the microinterface, respectively.19b,c When the complexes are completely extracted 
into the bulk organic phase, all thermodynamic and kinetic parameters, i.e., the formal ion-
transfer potential, 0ow
′∆ φ , the standard ion-transfer rate constant, k0, and the transfer coefficient, 
α, can be determined from a single CV obtained under kinetic limitation.19d Numerical and 
analytical treatments of voltammetric/amperometric data are detailed in Supporting Information 
so that only the outcomes are discussed in the following. 
5.4.2 Quaternary Ammonium Ionophores 1–3 
In contrast to unfractionated heparin,9,10Arixtra can be extracted into an organic phase containing 
highly lipophilic quaternary ammonium 1 or 2 as demonstrated by cyclic voltammetry at 
organic-filled pipets (Figures 1a and b, respectively). Arixtra extraction is confirmed by a peak 
current on the reverse potential sweep, which is smaller than a limiting current of a sigmoidal 
forward wave. The smaller peak current corresponds to linear diffusion of extracted Arixtra–
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ionophore complexes in the inner nitrobenzene phase. Arixtra extraction is thermodynamically 
more favorable with ionophore 2 than with ionophore 1. Both a half-wave potential, 2/1
o
wφ∆ , and 
a peak potential, p
o
wφ∆ , are more negative with ionophore 2 (Table 5-1). This result indicates that 
Arixtra is more stabilized in the nitrobenzene phase by ionophore 2 with more methyl groups 
attached to the nitrogen’s positive charge, which is more accessible for ion pairing with Arixtra’s 
negative charges. On the other hand, Arixtra extraction is faster with ionophore 1 than with 
ionophore 2. The separation between 2/1
o
wφ∆ and p
o
wφ∆  is much narrower with ionophore 1 than 
with ionophore 2. Correspondingly, a peak current is much larger with ionophore 1 than with 
ionophore 2.  
Structurally well-defined Arixtra enables us to quantitatively assess the apparent 
thermodynamic and kinetic effects of ionophore structure on Arixtra extraction. The transient 
CVs based on kinetically limited Arixtra extraction fit well with simulated CVs (Figure 5-1a and 
b; see Supporting Information for details of the simulation), where the facilitated Arixtra transfer 
in the presence of excess ionophore was simplified to a first-order process 
 zA  (outer aqueous phase)  zA  (inner organic phase as ionophore complexes)(2) 
The numerical analysis gives all parameters (Table 5-1) in the heterogeneous ion-transfer rate 
constants given by the Butler-Volmer-type relation as11c,19c,d,22 
]/)(exp[ 0ow
o
weff
0
f RTFzkk
′∆−∆−= φφα  
Equation 5.1 
 
]/)()1exp[( 0ow
o
weff
0
b RTFzkk
′∆−∆−= φφα  
Equation 5.2 
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where kf and kb are heterogeneous rate constants of the forward and backward ion transfer, 
respectively, in Equation 5.2, zeff is an Arixtra’s charge that effectively contributes to transfer 
kinetics, and φow∆  is the Galvani potential difference between the organic and aqueous phases.  
A ~50 mV difference between 0ow
′∆ φ  values for ionophores 1 and 2 corresponds to a 
significantly large difference of 48 kJ/mol in a Gibbs free energy of ion transfer given by 
−zF 0ow
′∆ φ ,11c because of a large actual charge of ~−10 transferred by each Arixtra molecule (see 
below). The k0 values demonstrate that Arixtra extraction is intrinsically faster with ionophore 1 
than with ionophore 2 by an order of magnitude, corresponding to quasi-reversible and 
irreversible Arixtra transfer with the respective ionophores. Since the α and zeff values are 
similar, the kinetic effect is not due to different transfer mechanisms. Interestingly, the zeff value 
of −7 confirms that multiple charges of an Arixtra molecule are transferred simultaneously 
across the interface. In fact, large potential dependence of Arixtra-transfer rates as governed by 
zeff and α (Equations 5.2 and 5.3) results in the sigmoidal forward wave (Figures 5-1a and b) that 
is much steeper than that observed with conventional systems based on nernstian transfer of a 
monovalent ion at micropipet electrodes.18 This simultaneous transfer of multiple charges across 
the interface is a unique electrochemical property of polyion transfer at liquid/liquid interfaces9,19 
and is not observed in redox reactions of multiple, independent redox centers with identical 
formal potentials at metal/liquid interfaces.23Arixtra extraction facilitated by ionophore 1 or 2 is 
not based on a simple mechanism. The α values of 0.64 and 0.78 obtained with the respective 
ionophores are larger than normal values in the range of 0.4−0.6. 24 Moreover, the zeff value of −7 
is smaller than a total charge number of an Arixtra molecule expected from its 8 sulfo and 2 
carboxyl groups (Scheme 1). In fact, actual charges carried by each Arixtra molecule across the 
interface were determined from  
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Table 5-1. Ionophore-dependent parameters of Arixtra extraction or adsorption at nitrobenzene/water 
microinterfaces 
 
ionophore 
2/1
o
wφ∆ V
 a p
o
wφ∆ V
 a 0ow
′∆ φ V a k0 cm/s α zeff z b 
       1 0.33   0.30 0.31 1.4 × 10−3 0.64 −7 −12 
       2 0.28   0.22 0.26 1.2 × 10−4 0.78 −7 −10 
       3 0.24   0.21 – – – – −11 
       4 0.00 −0.07 – – – –   −7 
       4 c 0.00 −0.09 – – – – (−1.06)  
       5 0.04 −0.04 – – – –   −4.8 
       5 c 0.06 −0.06 – – – – (−1.02) 
 
a Defined with respect to 0ow
′∆ φ  of TEA+ transfer. b A value in the parentheses is z/s. c Studied 
using water-filled pipets. Parameters in the other rows were obtained using organic-filled pipets. 
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Figure 5-1. Background-subtracted CVs (solid lines) of Arixtra extraction facilitated by ionophores (a) 1 and (b) 2 
at organic-filled pipets in contact with dialyzed Arixtra samples diluted with 0.1 M NaH2PO4/Na2HPO4 at pH 7.1. 
The open circles represent simulated CVs with parameters listed in Tables 1 and S1. 
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steady-state (Figure 5-1) and chronoamperometric (Figure 5-S1) diffusion-limited currents, 
thereby yielding z = −12 ± 1 and −10 ± 1 for ionophores 1 and 2, respectively (see Supporting 
Information). These z values, which are close to the number of negatively charged groups of an 
Arixtra molecule, are larger than the zeff values. The different z and zeff values indicate a multi-
step transfer mechanism as previously discussed for protamine transfer,19c,d although a zeff value 
of Arixtra extraction is much closer to the corresponding z value in comparison to the case of 
facilitated protamine transfer with zeff = +2.9 and z = +20.19d The deviation of α values from 0.5 
suggest a double layer effect25 on a potential-dependent step such as adsorption of charged 
Arixtra and ionophore molecules involved in the multi-step mechanism. 
 In contrast to ionophores 1 and 2, Arixtra–ionophore 3 complexes are adsorbed at 
nitrobenzene/water interfaces (Figure 5-2). A peak current on the reverse potential sweep, which 
is larger than a limiting current of a sigmoidal forward wave, corresponds to Arixtra desorption 
from the interface. This result indicates that a highly lipophilic ionophore is required for 
extraction of hydrophilic Arixtra into the nitrobenzene phase. On the other hand, Arixtra is more 
stabilized with ionophore 3 at the interface than with ionophore 1 or 2 in the bulk nitrobenzene 
phase as indicated by more negative 2/1
o
wφ∆  and p
o
wφ∆  values with ionophore 3 (Table 5-1), 
which possesses a less bulky ammonium group to be ion–paired with Arixtra more strongly. A 
limiting current obtained with ionophore 3 is equivalent to a charge of −11 ± 1 carried by each 
Arixtra molecule (see Supporting Information) although the limiting current regime is narrowed 
by transfer of ionophore 3 from the nitrobenzene phase at more positive potentials than the 
switching potential. Despite the different interfacial behaviors of Arixtra, the charge transferred 
by each Arixtra molecule at pH 7.1 is nearly identical among quaternary-ammonium-based 
ionophores 1–3 and is consistent with the number of negatively charged groups of Arixtra. 
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Figure 5-2. A background-subtracted CV of Arixtra adsorption facilitated by ionophore 3 at an organic-filled pipet 
with rg/a = 1.1 in contact with a dialyzed Arixtra sample diluted with 0.1 M NaH2PO4/Na2HPO4 at pH 7.1. 
 
 
 
5.4.3 Primary Ammonium Ionophore 4 
Octadecylammonium 4 was employed as a new, simple ionophore to assess Arixtra-binding 
capability of a primary ammonium group at liquid/liquid interfaces. In comparison to quaternary 
ammonium ionophores 1–3, ionophore 4 with a less bulky ammonium group is expected to bind 
more strongly to oxoanionic groups. In fact, a primary ammonium group serves as a major 
recognition site of not only proteins7 but also several ionophores4 to bind to heparin in bulk water 
at physiological pH. At liquid/liquid interfaces, however, deprotonation of a primary-
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ammonium-based ionophore, LH+, is readily driven by the interfacial potential26 to generate a 
neutral ionophore, L, with much weaker oxoanion-binding capability 
LH+(organic phase)  L (organic phase) + H+ (aqueous phase) 
Equation 5.3 
 
In fact, preliminary experiments demonstrate that deprotonation of ionophore 4 is so favorable 
with an aqueous phase buffered at pH 7.1 that a large current response based on proton transfer 
(Equation 5.5) overlaps with a current response to Arixtra (Figure 5-S2). 
Arixtra adsorption facilitated by ionophore 4 was clearly observed by using an aqueous 
solution at pH 5 (Figure 5-4a), where ionophore deprotonation is suppressed.26 Arixtra 
adsorption was dramatically facilitated by ionophore 4, resulting in 2/1
o
wφ∆  and p
o
wφ∆  values that 
are ~250 mV more negative than those with ionophore 3 (Table 5-1). Although ionophore 3 is 
the best ionophore for heparin recognition at liquid/liquid interfaces reported so far,9 2/1
o
wφ∆  and 
p
o
wφ∆ values with ionophore 3 are only <100 mV more negative in comparison to those with 
ionophore 1 or 2. These results confirm the expectation that a primary ammonium group is a 
much stronger binding site for Arixtra than a quaternary ammonium group. On the other hand, 
large separation between 2/1
o
wφ∆  and p
o
wφ∆  with ionophore 4 indicates sluggish Arixtra 
adsorption and desorption, resulting in the electrochemically irreversible CV. Also, a narrow 
anodic limit of the potential window is set by transfer of ionophore 4 from the nitrobenzene 
phase. 
A current response to Arixtra with ionophore 4 was found to be rather small as 
represented by a small limiting current, which corresponds to z = −7 ± 1 (see S upporting 
Information). This z value is significantly smaller than the z values of ~−10 determined with 
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ionophores 1–3 at pH 7.1. The smaller charge may be due to lower pH used for the 
characterization of ionophore 4, where Arixtra may be partially protonated to carry the smaller 
charge across the interface. Alternatively, the charge may be carried by ionophore 4 rather than 
by Arixtra, indicating that ~7 ionophore molecules are transferred across the interface to 
cooperatively bind to an Arixtra molecule at the aqueous side of the interface. Such a mechanism 
was proposed in voltammetric studies of DNA adsorption facilitated by cationic intercalators27 
and also by ionophore 2.28 This mechanism is highly likely with ionophore 5 (see below). 
 Overall stability of Arixtra–ionophore complexes depends not only on strength of 
interactions between each ionophore molecule and Arixtra, but also on stoichiometry, s, defined 
by Equation 5.1. The complexation stoichiometry was determined for ionophore 4 using a water-
filled pipet (Figure 5-3b),19b,c where limiting currents controlled by diffusion of ionophore 4 in 
the outer organic phase correspond to a z/s value of −1.06 ± 0.08 (see Supporting Information). 
With a z value of −7 determined using an organi c-filled pipet, this z/s value indicates that 7 
ionophore molecules are involved in interfacial complexation with each Arixtra molecule at 
either nitrobenzene or aqueous side of the interface. In fact, the large complexation stoichiometry 
results in the sigmoidal forward wave that is not point symmetric with respect to the half-wave 
potential (Figure 5-3b).9a Importantly, these 1:7 Arixtra–ionophore 4 complexes are formed 
selectively in the presence of ~40 mM Cl−, which is a major interfering anion in blood samples.9a 
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Figure 5-3. Background-subtracted CVs of Arixtra adsorption facilitated by ionophore 4 at (a) an organic- and (b) a 
water-filled pipet with rg/a = 1.3. The aqueous solutions were prepared by diluting (a) a dialyzed and (b) an original 
Arixtra sample with 0.1 M acetic acid/sodium acetate at pH 5.0. The aqueous solution in (b) also contains ~40 mM 
NaCl. 
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5.4.4 Guanidinium Ionophore 5 
Octadecylguanidinium 5 was synthesized and characterized as a new heparin ionophore to model 
arginine-enriched recognition sites of heparin-binding proteins7 at liquid/liquid interfaces. In 
contrast to ionophore 4, ionophore 5 with a less acidic guanidinium group facilitates Arixtra 
adsorption even at pH 7.1 without ionophore deprotonation (Figure 5-4a). In comparison to 
ionophore 3, 2/1
o
wφ∆  and p
o
wφ∆  values with ionophore 5 are at least 200 mV more negative 
(Table 5-1), confirming much stronger binding of a guanidinium group to Arixtra. At the same 
time, slower Arixtra adsorption facilitated by ionophore 5 is electrochemically irreversible as 
indicated by large separation between 2/1
o
wφ∆  and p
o
wφ∆ . Importantly, the CV with ionophore 5 
is well-defined despite the presence of 0.12 M NaCl in the aqueous phase. An increased current 
response around the switching potential is not due to Cl− transfer but due to transfer of ionophore 
5 from the nitrobenzene phase. These results indicate that the guanidinium unit is more selective 
to Arixtra against Cl− than quaternary-ammonium-based ionophores.9a 
The high selectivity of ionophore 5 for hydrophilic Arixtra is remarkable because 
potentiometric anion selectivity of liquid membranes based on simple alkylguanidinium 
ionophores follow Hofmeister series for small monovalent and divalent anions,29 which is solely 
based on analyte lipophilicity as a measure of a free energy required for analyte extraction from 
the water phase into the membrane phase.30 The high Arixtra selectivity is likely due to the 
requirement of less dehydration of Arixtra for complexation at the interface than for extraction 
into the bulk nitrobenzene phase. Also, complexation stoichiometry discussed in the  
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Figure 5-4. Background-subtracted CVs of Arixtra adsorption facilitated by ionophore 5 at (a) an organic- and (b) a 
water-filled pipet with rg/a = 1.3. The aqueous solutions were prepared by diluting (a) a dialyzed Arixtra sample 
with 0.12 M NaCl and 0.01 M Tris/HCl at pH 7.1 and (b) an original Arixtra sample with 0.1 M Tris/acetate acid at 
pH 7.1. The aqueous solution in (b) also contains ~40 mM NaCl. 
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following suggests that a guanidinium group of ionophore 5 is attracted electrostatically to 
multiple negative charges of a polyanionic Arixtra molecule, thereby forming more stable 
complexes with Arixtra than with such a small anion as Cl−. On the other hand, Arixtra–
ionophore 5 complexes are less stable than Arixtra–ionophore 4 complexes as indicated by more 
negative 2/1
o
wφ∆  and p
o
wφ∆  values with ionophore 4. The lesser degree of stability of ionophore 5 
complexes is at least partially due to smaller complexation stoichiometry (see below).  
Stoichiometry of Arixtra–ionophore 5 complexes was found to be smaller than the 
corresponding value of ~7 for ionophore 4 complexes. A charge involved in adsorption of each 
Arixtra molecule with ionophore 5 is only −4.8 ± 0.8 as determined from limiting currents at 
organic-filled pipets (Figure 5-4a; see Supporting Information). Since an Arixtra molecule 
carries a charge of ~−10 across the interface at pH 7.1, this smaller charge  indicates that ~5 
molecules of ionophore 5 are transferred across the interface to form a complex with an Arixtra 
molecule at the aqueous side of the interface. This complexation stoichiometry was further 
confirmed using a water-filled pipet (Figure 5-4b), where a z/s value of −1.02 ± 0.07 was 
obtained from the limiting current (see Supporting Information). The z and z/s values confirm the 
formation of 1:5 Arixtra–ionophore 5 complexes at the interfaces. Participation of multiple 
ionophore molecules in the complexation process is supported by the shape of the sigmoidal 
forward wave without point symmetry with respect to a half-wave potential (Figure 5-4b).9a 
 The formation of 1:5 Arixtra–ionophore 5 complexes is likely due to a multiple-
hydrogen-bonding capability of a guanidinium group to simultaneously interact with two or three 
oxoanionic groups.31 Figure 5-5 shows a possible mode of 2:1 oxoanion–ionophore 5 binding in 
the interfacial Arixtra complexes, where overall 10 oxoanionic groups of a Arixtra molecule  
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Figure 5-5. A scheme of 2:1 oxoanion–guanidinium binding in 1:5 Arixtra–ionophore 5 complexes and a resulting 
blocking effect on access of free Arixtra to the interface. XO2− represents a negatively charged carboxyl or sulfo 
group of Arixtra. 
 
 
 
are available for binding to 5 molecules of ionophore 5. Such a binding mode was also found in a 
crystal structure of Arixtra–Antithrombin III complexes, where a guanidinium unit of an arginine 
residue of Antithrombin III interacts with a N-sulfo and a carboxyl group of adjacent saccharide 
units of Arixtra.20 Notably, the 1:5 Arixtra–ionophore 5 complexes possess an overall charge of 
−5 (Equation 5.8). The formation of highly negatively charged complexes is supported by a 
“blocking effect32” observed as a decay of a limiting current in the potential region of >0.05 V 
using an organic-filled pipet at slow scan rates (dotted line in Figure 5-4a). At a slower scan rate, 
more Arixtra–ionophore complexes with negative charges are adsorbed at the interface to block 
the access of polyanionic Arixtra molecules to the interface (Figure 5-5), thereby resulting in the 
decay of a current response. Such a blocking double-layer effect was not observed at a water-
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filled pipet, where aqueous Arixtra concentration is much higher and is not depleted. No 
blocking effect of Arixtra adsorption with ionophore 3 or 4 suggests that Arixtra complexes of 
the respective ionophores without or less hydrogen-bond donors are less negatively charged, 
while stoichiometry and concomitantly charge of Arixtra complexes were not obtainable for 
ionophores 1–3 using a water-filled pipet because of their weak binding to Arixtra (see 
Supporting Information). 
5.5 CONCLUSIONS 
This electrochemical study of a synthetic heparin mimetic, Arixtra, with well-defined structure 
and ionic charge revealed importance of anion-binding capability, lipophilicity, and acidity of 
ionophores for electrochemical heparin recognition at liquid/liquid interfaces. This work is the 
first to demonstrate that formal potentials and standard heterogeneous rate constants of polyion 
transfer depend on ionophores. The k0 values in the range of ~10−3–10−4 cm/s determined for 
Arixtra extraction by using highly lipophilic ionophores 1 and 2 indicate that the facilitated 
Arixtra transfer between bulk solutions can be nearly nernstian at the corresponding 
macrointerfaces because of relatively slow diffusion of Arixtra and its ionophore complexes with 
diffusion coefficients in the range of 1–4 × 10−6 cm2/s. A comparison of these results with those 
of our previous studies of unfractionated heparin with molecular weight in the range of 5,000–
40,0009 suggests that only such a small heparin molecule as Arixtra with molecular weight of 
1,498 can be extracted rapidly by the simple quaternary ammonium ionophores. Importantly, it 
can be determined unambiguously by voltammetry not by traditional potentiometry whether 
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heparin–ionophore complexes are extracted or adsorbed and also how fast this interfacial process 
occurs. 
A comparison of CVs based on Arixtra adsorption facilitated by ionophores 3–5 
demonstrates for the first time that primary-ammonium and guanidinium groups serve as very 
strong and selective heparin-binding sites at liquid/liquid interfaces in comparison to quaternary-
ammonium groups, which were used exclusively in traditional potentiometric3,15,33 and more 
advanced amperometric/voltammetric9,10 sensing of heparin at the interfaces. A highly stable 
Arixtra complex involves several molecules of ionophore 4 or 5, which cooperatively bind to an 
Arixtra molecule at the interfaces. Despite similar anion-binding capability, a less acidic 
guanidinium group is required for interfacial heparin recognition at physiological pH. At the 
same time, ionophores 3–5 with an octadecyl group are not hydrophobic enough to extract 
Arixtra or avoid potential-driven ionophore transfer from the organic phase, thereby narrowing 
the potential window at the nitrobenzene/water interface. 
In comparison to the potentiometric counterpart, our amperometric/voltammetric 
approach enables more effective characterization and sensing applications of ionophores for 
electrochemical heparin recognition at liquid/liquid interfaces. In fact, high Arixtra selectivity 
against chloride is problematic in non-equilibrium potentiometry,3,15,33 where simultaneous 
transfer of a polyion and its co-ions is required for a significant potentiometric response to the 
polyion. Moreover, by unique analogy between ionically-polarized biological membranes and 
liquid/liquid interfaces,34 the interfacial heparin recognition is envisioned as a model of protein–
glycosaminoglycan interactions on cell membranes, which is important in intercellular 
communication.7b 
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SUPPORTING INFORMATION 
Numerical Simulation of Micropipet Cyclic Voltammograms 
Transient cyclic voltammograms obtained with ionophore 1 or 2 (Figure 5-1) were compared 
with CVs simulated as reported recently.S1 A diffusion problem at a liquid/liquid interface 
formed at the tip of a micropipet electrode was defined using dimensionless parameters and 
solved numerically by COMSOL Multiphysics version 3.2 (COMSOL, Inc., Burlington, MA), 
which applies the finite element method. An example of the simulation results is attached. 
In addition to the parameters defined in Equations 5.3 and 5.4, simulation results depend 
on parameters listed in Table S1. A diffusion coefficient ratio, γ, is given by 
 γ = DC/DA          (S1) 
where DA and DC are diffusion coefficients of Arixtra and its ionophore complexes in the 
aqueous and organic phases, respectively. A γ value obtained from the fitting gives a DC value 
from Equation 5.S1 with DA = (3.9 ± 0.3) × 10−6 cm2/s determined by chronoamperometry (see 
below). 
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Figure 5-S1. A background-subtracted chronoamperometric response (solid line) to Arixtra as obtained using a 
pipet (rg/a = 1.1) filled with a nitrobenzene solution containing 30 mM TFAB salt of ionophore 2 and 0.2 M TDDA–
TFAB in contact with a dialyzed Arixtra sample diluted with 0.1 M NaH2PO4/Na2HPO4 at pH 7.1. The potential was 
stepped from 0.229 V to 0.279 V (versus the formal potential of TEA+ transfer) at t = 0 and maintained at the 
potential for 1.2 s. The circles represent Equation 5.S2. 
 
 
 
Table S1. Parameters used in numerical simulations of cyclic voltammograms in Figure 5-1. 
 
ionophore rg/a θ1° θ2° γ DC × 10
6 cm2/s 
1 1.1 4 12 0.33 1.3 ± 0.1 
2 1.3 6 12 0.41 1.7 ± 0.2 
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Determination of Multiple Charges Carried by Arixtra 
A charge of z carried by each Arixtra molecule across the interface is determined from a steady-
state limiting current, id,A, controlled by Arixtra diffusion in the outer aqueous phase at an 
organic-filled pipet as given  by 
 acxzFDi AAAd, 4=          (S1) 
where x is a function of rg/a,S2 and cA is an aqueous Arixtra concentration. Numerical 
simulations described above gave x values of 1.3 and 1.2 for pipets with typical rg/a values of 1.1 
and 1.3, respectively. A DA value of (3.9 ± 0.3) × 10−6 cm2/s was determined from 
chronoamperometric responses with ionophore 2 (Figure 5-S1). In the chronomaperometry 
experiments, an interfacial potential was stepped at t = 0 such that Arixtra extraction was driven 
to a diffusion limitation. A resulting time-dependent current response, id,A(t), decays to a steady-
state current, id,A, as expressed for a micropipet with rg/a = 1.1 byS3 
 
( )








−++=
tD
a
tD
a
i
ti
AAAd,
Ad, 4384.0exp3467.03384.06533.0    (S2) 
A chronoamperometric response with ionophore 2 fits well with Equation 5.5 (Figure 5-S1), 
thereby yielding the DA value. 
Deprotonation of Ionophore 4 at pH 7.1 
A large current response based on deprotonation of ionophore 4 was dominant at an organic-
filled pipet in contact with an Arixtra solution at pH 7.1 (Figure 5-S2). A peak-shaped forward 
wave in this CV response corresponds to egress proton transfer, where ionophore 4 diffuses  
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Figure 5-S2. A CV with Arixtra in 0.1 M Tris/acetate acid at pH 7.1 as obtained using a pipet (rg/a = 1.3) filled with 
a nitrobenzene solution of ionophore 4. A dialyzed sample was used to prepare the Arixtra solution. The potential is 
not defined with respect to the formal potential of TEA+ transfer. 
 
 
 
linearly in the inner nitrobenzene phase to be deprotonated at the interface as represented by the 
forward process in Equation 5.5. Some of ionophore 4 molecules that diffuse to the interface 
form Arixtra complexes, which are adsorbed at the interface as indicated by the small peak-
shaped wave based on Arixtra desorption on the reverse potential sweep. Such a reverse peak 
was not observed without Arixtra in the aqueous phase. The major current response is not due to 
acetate transfer facilitated by ionophore 4, because no acetate response was observed at pH 5 
(Figure 5-3a). 
 135 
Stoichiometry of Arixtra Complexes with Ionophores 4 and 5 
The complexation stoichiometry, s, defined by Equation 5.1 was determined from limiting 
currents at water-filled pipets in contact with a nitrobenzene solution of ionophore 4 or 5 (Figure 
5-s 3a or 4a, respectively).S3,S4 The stoichiometry is related to the limiting current, id,LH, 
controlled by steady-state diffusion of ionophore in the outer nitrobenzene phase as given by 
 acFD
s
zxi LHLHLHd, 4 




=         (S3) 
where DLH and cLH are a diffusion coefficient and a concentration of a protonated ionophore in 
the nitrobenzene phase, respectively. A z value was determined using an organic-filled pipet as 
described above. Diffusion coefficients of ionophores 4 and 5 were determined as follows.  
Proton transfer facilitated by ionophore 4 was studied using a water-filled pipet to 
determine a diffusion coefficient of ionophore 4 (Figure 5-S3). Without Arixtra in an aqueous 
solution at pH 5, ingress proton transfer represented by the forward reaction of Equation 5.5 gave 
sigmoidal waves on the forward and reverse potential sweeps. The limiting current is controlled 
by steady-state diffusion of ionophore 4 in the outer nitrobenzene phase, thereby yielding 
 acFDxzi LHLHLHLHd, 4=         (S4) 
where zLH is a charge transferred by each ionophore molecule. The limiting currents correspond 
to a DLH value of (2.0 ± 0.1) × 10−6 cm2/s in Equation 5.S3 with a zLH value of +1 based on 
proton transfer. 
A micropipet filled with an Arixtra-free aqueous solution was also used to determine a 
diffusion coefficient of ionophore 5 (Figure 5-S4). The limiting current is controlled by steady-
state diffusion of ionophore 5 in the outer nitrobenzene phase. The large peak current on the 
reverse potential sweep is due to desorption of ionophore 5, which was transferred across the 
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interface on the forward potential sweep to be adsorbed at the aqueous side of the interface. The 
limiting currents correspond to DLH = (1.8 ± 0.1) × 10−6 cm2/s in Equation 5.S4 with zLH = +1, 
which represents an ionophore’s charge. It should be noted that the CV response in Figure 5-S4 
is much more reversible than a CV response based on Arixtra adsorption facilitated by ionophore 
5 in Figure 5-4b. 
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Figure 5-S3. A background-subtracted CV of proton transfer facilitated by ionophore 4 at a pipet (rg/a = 1.3) filled 
with 0.1 M acetic acid/sodium acetate at pH 5.0. The potential is not defined with respect to the formal potential of 
TEA+ transfer. 
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Failure in Stoichiometry Determination for Ionophores 1–3. 
Complexation stoichiometry for ionophores 1–3 was not able to be determined using a water-
filled pipet, because of weak Arixtra-binding capability of these ionophores. With weakly 
binding ionophores 1–3 in the outer nitrobenzene phase at a water-filled pipet, a current response 
based on facilitated Arixtra extraction or adsorption overlaps with a much larger current response 
based on transfer of excess Arixtra molecules, which is facilitated by an organic supporting  
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Figure 5-S4. A background-subtracted CV based on adsorption and desorption of ionophore 5 at a pipet filled with 
0.1 M Tris/acetic acid at pH 7.1. A rg/a value of 1.4 gives 4x = 4.7 in Equation 5.S4. The potential is not defined 
with respect to the formal potential of TEA+ transfer. 
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cation, TDDA. In fact, a CV response to Arixtra is obtained using a pipet filled with an 
ionophore-free nitrobenzene solution (Figure 5-S5), where 2/1
o
wφ∆  and p
o
wφ∆  values are 
significantly more negative than those with any of the ionophores. 
Overall, cyclic voltammetric observation of facilitated ion transfer at a water-filled pipet 
requires the formation of highly stable ion–ionophore complexes, which is satisfied not with 
ionophores 1–3 but with ionophores 4 and 5. This requirement is less demanding in cyclic 
voltammetry with an organic-filled pipet, where Arixtra is depleted by complexation with 
ionophore in excess so that no free Arixtra is available at the interface for the formation of less 
stable complexes with TDDA. 
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Figure 5-S5. A background-subtracted CV of Arixtra extraction at a pipet (rg/a = 1.3) filled with an ionophore-free 
nitrobenzene solution in contact with a dialyzed Arixtra sample diluted with 0.1 M NaH2PO4/Na2HPO4 at pH 7.1. 
The potential is defined with respect to the formal potential of TEA+ transfer. 
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COMSOL Model 
A copy of the COMSOL model is available free of charge in the Supporting Information via the 
Internet at http://pubs.acs.org/doi/suppl/10.1021/ja800568q. 
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6.0  HIGH LIPOPHILICTY OF PERFLUOROALKYL CARBOXYLATE AND 
SULFONATE: IMPLICATIONS FOR THEIR MEMBRANE PERMEABILITY 
This work has been published as Ping Jing, Patrick J. Rodgers, and Shigeru Amemiya. J. Am. 
Chem. Soc. 2009, 131, 2290–2296. 
6.1 ABSTRACT 
Here we report on remarkably high lipophilicity of perfluoroalkyl carboxylate and sulfonate. A 
lipophilic nature of this emerging class of organic pollutants has been hypothesized as an origin 
of their bioaccumulation and toxicity. Both carboxylate and sulfonate, however, are considered 
hydrophilic while perfluroalkyl groups are not only hydrophobic but also oleophobic. Partition 
coefficients of a homologous series of perfluoroalkyl and alkyl carboxylates between water 
and n-octanol were determined as a measure of their lipophilicity by ion-transfer cyclic 
voltammetry. Very similar lipophilicity of perfluoroalkyl and alkyl chains with the same length 
is demonstrated experimentally for the first time by fragment analysis of the partition 
coefficients. This finding is important for pharmaceutical and biomedical applications of 
perfluoroalkyl compounds. Interestingly, ~2 orders of magnitude higher lipophilicity of a 
perfluoroalkyl carboxylate or sulfonate in comparison to its alkyl counterpart is ascribed nearly 
exclusively to their oxoanion groups. The higher lipophilicity originates from a strong electron-
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withdrawing effect of the perfluoroalkyl group on the adjacent oxoanion group, which is weakly 
hydrated to decrease its hydrophilicity. In fact, the inductive effect is dramatically reduced for a 
fluorotelomer with an ethylene spacer between perfluorohexyl and carboxylate groups, which is 
only as lipophilic as its alkyl counterpart, nonanoate, and is 400 times less lipophilic than 
perfluorononanoate. The high lipophilicity of perfluoroalkyl carboxylate and sulfonate implies 
that their permeation across such a thin lipophilic membrane as a bilayer lipid membrane is 
limited by their transfer at a membrane/water interface. The limiting permeability is lower and 
less dependent on their lipophilicity than the permeability controlled by their diffusion in the 
membrane interior as assumed in the classical solubility-diffusion model. 
6.2 INTRODUCTION 
Widespread accumulation of perfluoroalkyl acids such as perfluoroalkyl carboxylic and sulfonic 
acids in wildlife and humans is an emerging environmental problem worldwide.1 These synthetic 
acids with a perfluorinated alkyl group are chemically stable, resistive to biodegradation, and 
persistent in the environment.2 More recently, their adverse health effects such as developmental 
toxicity, immunotoxicity, hepatotoxicity, and carcinogenicity were reported.3 The 
bioaccumulation and toxicity of the perfluoroalkyl acids suggest their high lipophilicity. In fact, 
perfluorooctyl carboxylic and sulfonic acids were detected in umbilical cord blood and brain, 
indicating that they are lipophilic enough to cross the placental and blood−brain barriers, 
respectively.4 Recent in vitro toxicology studies also show that the perfluoroalkyl acids not only 
interact with cell membranes but also cross the membranes to inhibit intracellular events, cause 
oxidative stress, and induce apoptosis.5 Lipophilicity of perfluoroalkyl acids, however, is not 
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well understood. On one hand, these acids are dissociated under most aqueous environments to 
carry a net negative charge to enhance their hydrophilicity.6 This strong acidity is due to an 
electron-withdrawing effect of the perfluoroalkyl group on the adjacent acid group. On the other 
hand, a perfluoroalkyl group is considered not only hydrophobic, but also oleophobic.7 More 
quantitative understanding of the lipophilicity of perfluoroalkyl groups is significant beyond 
environmental sciences because perfluoroalkyl compounds have found a wide range of 
applications as drugs,8 vehicles for drug and oxygen delivery,9 and tags for high-throughput 
synthesis, separation, and identification of biological and organic molecules based on their two-
phase partitioning.7, 10 
 Lipophilicity of an organic molecule is a key physicochemical property for assessment 
of its environmental and human-health risks11 as well as for its pharmaceutical and biomedical 
applications.8, 9, 12 A more lipophilic molecule is more permeable across a biological membrane 
as governed qualitatively by the so-called Overton rule.13 Quantitatively, the solubility-diffusion 
model relates a membrane permeability, Pm, of a molecule to its partition coefficient, P, between 
the aqueous and membrane phases as a measure of its lipophilicity, thereby yielding13    
d
PD
P mm =  
Equation 6.1 
 
where the partition coefficient represents the membrane concentration of the molecule with 
respect to its aqueous concentration, Dm is the diffusion coefficient of the molecule in the 
membrane, and d is the membrane thickness. In practice, a partition coefficient of an electrically 
neutral molecule is measured experimentally by using water and a water-immiscible organic 
solvent,14 most typically n-octanol,15 as a model of a bilayer lipid membrane (BLM). So far, 
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partition coefficients of perfluoroalkyl carboxylic acids between n-octanol and water have been 
estimated empirically and theoretically without experimental assessment.16 No partition 
coefficient of a perfluoroalkyl carboxylate or sulfonate has been reported although perfluorooctyl 
carboxylate and sulfonate partition favorably from water into an organic solvent. The 
perfluorooctyl oxoanions can be extracted from biological matrices into methyl tert-butyl ether 
as tetrabutylammonium salts for subsequent mass spectrometric detection.17 Selective partition 
of the perfluorooctyl species against chloride from water into lipophilic polymer membranes or a 
fluorous solvent was also demonstrated by potentiometry.18 
 Partition coefficients of nonfluorinated alkyl oxoanions between water and various 
organic solvents19  including n-octanol19k were measured by ion-transfer voltammetry. With this 
approach, an external potential is applied to a liquid/liquid interface to drive interfacial transfer 
of an ion, which is monitored as a flow of an ionic current. In contrast to a neutral molecule, a 
partition coefficient of an ion depends on the Galvani potential difference between the aqueous 
and organic phases, φow∆ , as given by
20  
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FzP
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log
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Equation 6.2 
 
where zi is the charge of the ion, and 0ow
′∆ φ  is a formal ion-transfer potential as measured 
voltammetrically. This potential-dependence of ion partition was considered in recent models for 
ion permeation across a lipophilic liquid membrane sandwiched between two aqueous electrolyte 
solutions by Kihara and co-workers21 and others,22 thereby extending the original solubility-
diffusion model. It is assumed in both original and new models that overall ion permeability of a 
membrane is limited by ion translocation in the interior of the membrane rather than by ion 
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transfer at the membrane/water interface while Murtomäki and co-workers considered kinetic 
effects of interfacial ion transfer on membrane permeability.22d 
Here we report on remarkably higher lipophilicity of perfluoroalkyl carboxylate and 
sulfonate in comparison to their alkyl counterparts. Partition coefficients of various carboxylates 
and sulfonates with a fully-, non-, or partially fluorinated alkyl chain (Figure 6-1) between n-
octanol and water are determined systematically by ion-transfer cyclic voltammetry to identify a 
main origin of 2 orders of magnitude different lipophilicities of perfluoroalkyl and alkyl 
oxoanions with the same chain length. Also, this study is the first to experimentally quantify 
lipophilicity of perfluoroalkyl chains with different lengths, which is required for estimating 
lipophilicity of perfluoroalkyl compounds with environmental, biomedical, or pharmaceutical 
importance. In addition, kinetic parameters as obtained from a transient cyclic voltammogram at 
micrometer-sized interfaces23 enabled us to model permeability of a lipophilic membrane to the 
perfluoroalkyl oxoanions without the constraint of rapid partition equilibrium at the 
membrane/water interface. 
6.3 EXPERIMENTAL 
6.3.1 Chemicals 
 All perfluoroalkyl and alkyl carboxylic acids, sodium octyl sulfonate, tetradodecylammonium 
(TDDA) bromide, sodium tetraphenylborate (TPB), tetraphenylarsonium (TPA) chloride, and n-
octanol (>99%) were obtained from Aldrich (Milwaukee, WI). Potassium perfluorooctyl 
sulfonate was obtained from Synquest Laboratories (Alachua, FL). Potassium 
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tetrakis(pentafluorophenyl)borate (TFAB) was from Boulder Scientific Company (Mead, CO). 
All reagents were used as received. Preparation of various salts employed for electrochemical 
measurements is described in Supporting Information. All aqueous solutions were prepared with 
18.3 MΩ cm−1 deionized water (Nanopure, Barnstead, Dubuque, IA).   
6.3.2 Electrochemical Measurements 
A computer-controlled CHI 660B electrochemical workstation equipped with CHI 200 
picoampere booster and Faraday cage (CH instruments, Austin, TX) was used for CV 
measurements with the following electrochemical cell  
 
Ag | AgCl | 3 M NaCl | 1 mM MgSO4 in water || 10 µM carboxylate or sulfonate 1–5 and 1 mM 
MgSO4 in water | 40 mM TDDATFAB in n-octanol | Ag  
 
An Ohmic potential drop in the n-octanol phase was maintained negligibly low in the presence of 
TDDATFAB as an organic supporting electrolyte, which is highly soluble in n-octanol in 
contrast to other organic supporting electrolyte salts.19k, 24 A Mg(OH)2 solution was used to 
adjust the aqueous pH at 6−7 so that the carboxylates and sulfonates are present as monoanions 
in either n-octanol or water phase.19d 
A micrometer-sized interface was formed at the tip of a glass micropipet filled with a n-
octanol solution.25 An inner-wall silanized micropipet was fabricated and characterized as 
reported elsewhere.23 The inner diameters of the tips were 3.5−1 0 μm while the outer diameter 
was 1.3 times larger than the inner diameter. Estimated tip inner angles were 3−6° while an outer 
tip angle was 12°. A double junction Ag/AgCl electrode (BASi, West Lafayette, IN) was used as 
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a reference/counter electrode. The potential of the n-octanol phase with respect to the aqueous 
phase was calibrated by employing tetrabutylammonium as a reference ion and defined on the 
basis of the nonthermodynamic hypothesis, i.e., TPA-TPB assumption (see Supporting 
Information).20, 26 A current carried by a negative charge from the aqueous phase to the organic 
phase was defined to be negative. Supplemental thermodynamic data were obtained by 
potentiometry (see Supporting Information), which is less limited by a narrow potential window 
at the n-octanol/water interface and a high resistance of a n-octanol solution with a low 
supporting electrolyte concentration. All electrochemical experiments were performed at 22 ± 3 
°C. 
 
 
   
Figure 6-1. Molecular formula of oxoanionic surfactants studied in this work. 
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6.4 RESULTS AND DISCUSSION 
6.4.1 Lipophilicity of Perfluoroalkyl and Alkyl Oxoanions 
Lipophilicity of oxoanions 1−5 with various chains (Figure 6-1) was investigated by employing 
cyclic voltammetry at n-octanol/water microinterfaces formed at the tip of a glass micropipet 
electrode.25 During a potential cycle, an oxoanionic surfactant, which was initially present only 
in the outer aqueous phase, was transferred across the interface between the two bulk liquid 
phases. The simple transfer of an ion, izi, is defined as 
ii z  (outer aqueous phase) ii z  (inner n-octanol phase) 
Equation 6.3 
 
All surfactants 1−5 give well-defined CVs without a voltammetric feature of their adsorption or 
emulsification or instability of the interfaces.19g, 19i, 27 In a typical CV as obtained with 
perfluorohexanoate (Figure 6-2A), a sigmoidal anodic wave corresponds to ingress transfer of 
the carboxylate coupled with its nonlinear diffusion from the outer aqueous phase to the 
micrometer-sized interface. The transfer of the carboxylate into the bulk n-octanol phase was 
confirmed by the broad cathodic peak, indicating transient diffusion of the carboxylate from the 
inner n-octanol phase to the interface. A CV with a similar feature was also obtained with 
nonanoate, which requires more positive potentials (Figure 6-2B). This result indicates that 
nonanoate with a longer chain is less lipophilic than perfluorohexanoate.      
Partition coefficients of surfactants 1−5 between aqueous and n-octanol phases were 
determined by numerical analysis of their CVs. Figure 6-2A and Figure 6-2B exemplify that 
experimental CVs fit very well with quasi-reversible CVs simulated for simple, one-step ion 
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transfer (Equation 3.3; see Supporting Information).23 A value of 0ow
′∆ φ  for an oxoanion thus 
obtained from a CV corresponds to its formal partition coefficient, P0′, as given by28 
RT
FzP
303.2
log
0o
wi0
′
′ ∆=
φ
 
Equation 6.4 
 
where 0ow
′∆ φ  is standardized on the basis of the nonthermodynamic TPA-TPB assumption (see 
Supporting Information).20,26 The values of 0ow
′∆ φ  = −41 ± 6 and −4 ± 4 mV for 
perfluorohexanoate and nonanoate, respectively, in Figure 6-2 correspond to the values of 
log P0′= 0.7 ± 0.1 and 0.07 ± 0.07, respectively, in Equation 6.4, indicating that 
perfluorohexanoate is 4 times more lipophilic than nonanoate. A ~100 mV anodic shift of a half-
wave potential with respect to 0ow
′∆ φ  (Figure 6-2) is mainly due to asymmetric diffusion in the 
inner and outer solutions at a micropipet electrode, which contrasts to conventional steady-state 
voltammetry at a solid ultramicroelectrode.23 Diffusion of the carboxylates is more efficient in 
the outer aqueous phase than in the inner n-octanol phase, which is not only more viscous 
(see Supporting Information) but also surrounded by the pipet wall. The anodic shift is partially 
due to a kinetic limitation in the CVs, which significantly deviate from a nernstian behavior 
(Figure 6-2). 
Higher lipophilicity of perfluoroalkyl carboxylates 1 in comparison to alkyl 
carboxylates 2 was systematically confirmed by using log P0′ (Figure 6-3). Plots of log P0′ versus 
the number of carbon atoms, n, demonstrate that a perfluoroalkyl carboxylate is ~2 orders of 
magnitude more lipophilic than the alkyl carboxylate with the same value of n. The higher  
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Figure 6-2. Background-subtracted CVs of (A) perfluorohexanoate and (B) nonanoate at n-octanol/water 
microinterfaces formed at the tip of glass micropipets with diameters of 10 and 6.8 µm, respectively. 
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lipophilicity of perfluoroalkyl carboxylates is remarkable. A perfluoroalkyl carboxylate with a 
net negative charge is only ~15 times less lipophilic than the electrically neutral, alkyl carboxylic 
acid with the same carbon number29 (n = 4−10 in Figure 6-3), which is ~2.5 × 103 times more 
lipophilic than the corresponding alkyl carboxylate (n = 7−12). Moreover, perfluorodecanoate 
(log P0′ = 2.9 ± 0.1) is as lipophilic as TPB (log P0′ = 2.89 ± 0.07), where the central ionic entity 
is effectively shielded by the four phenyl groups. Importantly, the larger P0′ for perfluoroalkyl 
carboxylates in comparison to alkyl carboxylates is not due to stronger ion pairing of the 
perfluoroalkyl carboxylates with the bulky organic cation, TDDA, in the n-octanol phase. A 
difference in logP0′ for perfluoroalkyl and alkyl carboxylates is independent of the concentration 
of the organic cation as demonstrated by potentiometry (see Supporting Information).
 Perfluorooctyl sulfonate 3, which is another major environmental contaminant, is also ~2 
orders of magnitude more lipophilic than octyl sulfonate 4. CVs of the respective sulfonates with 
an octyl group give log P0′ = 2.45 ± 0.08 and 0.6 ± 0.1. Perfluorooctyl sulfonate is nearly as 
lipophilic as perfluorononanoate with the same perfluorooctyl group (log P0′ = 2.57 ± 0.07) while 
octyl sulfonate is three times more lipophilic than nonanoate. The latter result is consistent with 
the previous observation that an alkyl sulfonate with a larger ionic radius is more lipophilic than 
the carboxylate with the same alkyl group at water/1,2-dichloroethane or nitrobenzene 
interfaces.19a 
6.4.2 The Origin of Higher Lipophilicity of Perfluoroalkyl Oxoanions 
The higher lipophilicity of perfluoroalkyl carboxylates in comparison to the corresponding alkyl 
carboxylates was assessed by using a fragment method15 to identify its origin. A plot of  
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Figure 6-3. Plots of the formal partition coefficient, 0′P , versus the number of carbon atoms for perfluoroalkyl 
carboxylates 1 (red circles), alkyl carboxylates 2 (blue circles), and alkyl carboxylic acids (black circles). The value 
of 0′P for perfluorodecanoate was determined by potentiometry (see Supporting Information). The values of 0′P  
for the acids correspond to partition coefficients reported in literatures.26 The solid lines represent Equation 6.5. 
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log P0′versus n is linear for perfluoroalkyl or alkyl carboxylates or alkyl carboxylic 
acids30 except dodecanoate and dodecanoic acid19h (Figure 6-3), thereby yielding 
0log ′P  = (n − 2)f(CX2) + f(CX3) + f(COY) 
Equation 6.5 
 
where f is a fragmental contribution of each unit to the total log P0′, X = H or F, and Y = O− or 
OH. The slope of the linear plots corresponds to f(CX2) while the sum of f(CX3) and f(COY) is 
equivalent to log P0′ extrapolated to n = 2. This analysis clearly demonstrates that the ~2 
orders of magnitude higher lipophilicity of perfluoroalkyl carboxylates is ascribed to the 
difference between f(CF3) + f(COO−) and f(CH3) + f(COO−), which are equal to −1.9 and −4.1,  
respectively. On the other hand, a perfluoroalkyl chain is as lipophilic as the alkyl chain with the 
same length. A value of f(CF2) = 0.61 is very close to values of f(CH2) = 0.59 and 0.53 as 
obtained for alkyl carboxylates and carboxylic acids, respectively. This result suggests 
that f(CF3) and f(CH3) are also very similar, which is confirmed in the following. Overall, the 
different lipophilicities of perfluoroalkyl and alkyl carboxylates are mainly ascribed to the 
carboxylate groups. 
We hypothesize that the higher lipophilicity of a carboxylate group attached to a 
perfluoroalkyl group is due to a strong electron-withdrawing effect of the perfluoroalkyl group 
on the oxoanion group. The oxoanion group with a reduced net negative charge is weakly 
hydrated to be partitioned favorably into a lipophilic n-octanol phase although water-saturated n-
octanol contains a large mole fraction of water.15 To test this hypothesis, we examined 
lipophilicity of fluorotelomer 5. The ethylene spacer between the perfluorohexyl and carboxylate 
groups dramatically reduces the electron-withdrawing effect on acidity of perfluorohexanoic acid 
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to raise pKa by 2.32 units in 50% aqueous ethanol although a hexyl spacer is required for further 
increasing pKa by 1.14 units to eliminate this inductive effect.30 In fact, our hypothesis was 
confirmed by much lower lipophilicity of fluorotelomer 5 (log P0′ = −0.05 ± 0.07), which is 4.0 × 
102 times lower than perfluorononanoate with the same number of carbon atoms. Moreover, the 
value of log P0′for fluorotelomer 5 is nearly identical to the value for nonanoate. Apparently, the 
substitution of hydrogen atoms with fluorine atoms in an alkyl group does not affect lipophilicity 
of the alkyl group. Thus, the different lipophilicities of perfluorooctyl and octyl sulfonates are 
also ascribed to the sulfonate groups. 
 
6.4.3 Lipophilicity of Perfluoroalkyl Chains 
This work is the first to systematically determine an experimental f(CF2) value between n-
octanol and water phases. This unique opportunity is given by the carboxylate group, which not 
only solubilizes relatively long perfluoroalkyl chains in water but also serves as a probe to 
monitor their partitioning processes by ion-transfer voltammetry. 
Our value of f(CF2) = 0.61 is equivalent to a difference in free energy of −0.83 kcal/mol, 
which is close to the free energy of transfer of a CF2 group from water to a micelle 
environment31 or sediments32 (−0.95 and −0.75 kcal/mol, respectively). We also compare our 
value of f(CF2) with the values that are estimated empirically or theoretically for perfluoroalkyl 
carboxylic acids between n-octanol and water. Figure 6-4 shows logarithmic plots of empirical 
and theoretical partition coefficients16 versus n together with the corresponding plot for 
perfluoroalkyl carboxylates as obtained experimentally in this work. Our value is relatively close 
to a value of f(CF2) = 0.50 as calculated with COSMOtherm C2.1 based on density functional  
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Figure 6-4. Plots of the formal partition coefficient, 0′P , versus tshe number of carbon atoms for perfluoroalkyl 
carboxylate 1 (red circles), and perfluoroalkyl carboxylic acids. The values of 0′P  for the acids correspond to 
partition coefficients estimated empirically by U.S. EPA’s EPI suite and ClogP (green and black circles, 
respectively) and theoretically by COSMOtherm C2.1 and SPARC (purple and blue circles, respectively).12 The 
solid lines represent Equation 6.5. 
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quantum calculation while a larger value of 0.80 was obtained using the SPARC solvation 
model. Two common programs based on empirical fragment methods, i.e., the U.S. EPA’s EPI 
suite and ClogP, give much larger or smaller values of 0.90, and 0.20, respectively. This result 
casts doubt on reliability of the original partition coefficients used in these programs. Moreover, 
a negative f(CF2) value of −0.097 has been reported for calculation of drug 
lipophlicity,12 indicating significance of our experimental assessment of the fragmental partition 
coefficient. 
  It should be noted that the similar lipophilicity of perfluoroalkyl and alkyl chains results 
from the convolution of their different properties. A C−F bond is much more polar than a C−H 
bond, while a trifluoromethyl group is at least as isosteric as an isopropyl group.33 Also, a 
perfluoroalkyl chain is harder and less flexible and changes from a linear to a helical structure as 
chain length increases.34 
6.4.4 Permeability of a Thin Lipophilic Membrane to Perfluoroalkyl Oxoanion Species.  
A noticeable finding in this work is the very high lipophilicity of oxoanion groups of the 
perfluoroalkyl surfactants. The high lipophilicity is important in permeation of the perfluoroalkyl 
oxoanions across a BLM with a lipophilic inner environment. Permeability of such thin 
lipophilic membranes to the perfluoroalkyl oxoanions was assessed by considering a thin n-
octanol layer sandwiched between two aqueous phases as a model of a BLM (Figure 6-5).21, 
22 For simplification, identical and constant potentials at both n-octanol/water interfaces,  φow∆ , 
were assumed, thereby resulting in no potential difference between the two aqueous phases. 
Heterogeneous rate constants, kf and kb, are defined for the forward and backward transfers of an  
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Figure 6-5. Scheme of a thin n-octanol layer sandwiched between two aqueous electrolyte solutions. 
 
 
ion at the n-octanol/water interfaces (Equation 6.3) by employing a Butler−Volmer-type model  
as20, 23a, 35 
αPkk 0f =  
Equation 6.6 
 
10
b
−= αPkk  
Equation 6.7 
 
where k0 is the standard ion-transfer rate constant, and α is the transfer coefficient. These kinetic 
parameters as well as diffusion coefficients in n-octanol, Do, were obtained from CVs of 
perfluoroalkyl and alkyl oxoanions at n-octanol/water microinterfaces (Table 6-S1, Supporting 
Information). 
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 Permeability of this symmetric membrane is given by (see Supporting Information)  
ob
f
m /2 Ddk
k
P
+
=  
Equation 6.8 
 
Equation 6.8 indicates that as a membrane becomes thinner, its permeability increases toward a 
limiting value as given by 
2
0
lim
m
αPkP =  
Equation 6.9 
 
This limiting permeability is independent of a membrane thickness and is equivalent to kf/2. This 
result indicates that permeability of such a thin membrane is limited by interfacial ion transfer 
rather than by ion diffusion in the interior of the membrane as assumed in the solubility-diffusion 
model (Equation 6.1). Equation 6.8 is equivalent to Equation 6.1 only when a membrane is thick 
enough to satisfy 2 << kbd/Do.  
Equation 6.8 predicts that membrane permeability to a more lipophilic ion is more 
amenable to the interfacial transfer control. For instance, the interfacial control is dominant at a 
thicker membrane for a more lipophilic anion with negative 0ow
′∆ φ , where smaller kb results in 
kbd/Do << 2 in Equation 6.8 even at positive potentials. In other words, a more lipophilic ion, 
which is more favorably transferred into a lipophilic membrane, prefers staying in the membrane 
to being transferred from the membrane phase to the aqueous phase, thereby reaching the 
interfacial transfer control. This prediction was quantitatively evaluated by using a characteristic 
membrane thickness, d1/2, as given by 
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Equation 6.10 
 
A membrane with this thickness gives a half of the limiting permeability, Pmlim (see Equation 
6.8). The characteristic membrane thickness calculated using parameters obtained from CVs is 
larger for a perfluoroalkyl carboxylate than for the alkyl carboxylate with the same chain length 
(Figure 6-6A), corresponding to different lipophilicities. The calculated thickness strongly 
depends on the interfacial potential,  φow∆ , as shown in the range between −171 and +171 mV,  
which are equal to 0ow
′∆ φ  for TPB and TPA, respectively. Moreover, Equation 6.10 indicates that 
an ion with larger k0 requires a thinner membrane for limiting permeability. The values of k0 = 
0.1−0.01 cm/s as obtained for carboxylates 1 and 2 are relatively large although larger k0 values 
of ~1 cm/s35b, 35c have been reported for facilitated transfer of alkaline cations at 1,2-
dichloroethane/water interfaces. Nevertheless, the characteristic membrane thickness as obtained 
in the potential range of ±171 mV predicts that a micrometer- or nanometer-thick n-octanol 
membrane is thin enough to give in the limiting permeability to the perfluoroalkyl carboxylates 
with high lipophilicity.    
An important prediction of Equation 6.9 is the weak dependence of limiting permeability 
on ion lipophilicity. With α = 0.5 in Equation 6.9, the permeability under interfacial transfer 
control depends only on the square root of a partition coefficient in contrast to the direct 
proportionality under membrane diffusion control (Equation 6.1). The limiting permeability 
calculated using Equation 6.9 with experimentally determined parameters confirms the weaker 
lipophilicity dependence (Figure 6-6B). The limiting permeability at φow∆  = 0 mV varies only 
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from 0.006 to 0.1 cm/s for all perfluoroalkyl and alkyl carboxylates while their P0′ values vary by 
4 orders of magnitude. In contrast, diffusion-controlled permeability (Equation 6.1) depends on 
ion lipophilicity much more strongly and subsequently varies in a wider range by 4 orders of 
magnitude (Figure 6-S3, Supporting Information). 
An application of Equation 6.8 and Equation 6.9 to a BLM implies that permeability of 
this ultrathin lipophilic membrane to a highly lipophilic perfluoroalkyl oxoanion is limited by its 
interfacial transfer. In fact, this implication is supported by a classical model that was proposed 
to explain experimental permeability of a BLM to highly lipophilic ions such as tetraphenyl 
borate,36 which is as lipophilic as perfluorodecanoate. Ion diffusion in the membrane interior was 
not considered in this model, where the transfer of an ion adsorbed just inside the 
membrane/water interface into the membrane interior limits membrane permeability to the rates 
given by equations that are equivalent to Equation 6.6 and Equation 6.7 for kf and kb. 
It should be noted that, in addition to their high lipophilicity, an ionic nature of 
perfluoroalkyl oxoanions render them advantageous as a probe to investigate whether their 
membrane transport is controlled by interfacial transfer (Equation 6.9) or membrane diffusion 
(Equation 6.1). These two mechanisms demonstrate different dependences of ion permeability on 
the interfacial potential, which can be modulated by externally applying a membrane potential or 
chemically depolarizing the membrane. Such a discrimination of the two permeation 
mechanisms based on their potential dependences is not feasible with an electrically neutral 
probe molecule although the permeability of a BLM to neutral molecules deviate from the 
solubility-diffusion model as demonstrated experimentally for a homologous series of alkyl 
carboxylic acids13b and also suggested theoretically using partition parameters for various 
nonelectrolytes between n-octanol and water phases.37 
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Figure 6-6. (A) The characteristic membrane thickness, d1/2, (Equation 6.10) and (B) limiting permeability, 
lim
mP , 
(Equation 6.9) as calculated for perfluoroalkyl carboxylates 1 (red symbols and lines) and alkyl carboxylates 2 (blue 
symbols and lines) at φow∆  = 171, 0, and –171 mV (triangles, circles, and crosses, respectively). 
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6.5 CONCLUSIONS 
Our finding of the remarkably high lipophilicity of perfluoroalkyl carboxylate and sulfonate is 
significant. This finding quantitatively supports the hypothesis that bioaccumulation and toxicity 
of these perfluoroalkyl surfactants originate from their lipophilic nature. Interestingly, we found 
that the high lipophilicity is due not to a perfluoroalkyl group itself but to its electron-
withdrawing effect on the adjacent oxoanion group. Understanding of this finding at a molecular 
level requires more studies about the structure of the oxoanion groups and their interactions with 
lipophilic and aqueous environments while such studies have been focused on the perfluoroalkyl 
group.34 
Ionic nature and high lipophilicity of perfluoroalkyl oxoanions are advantageous to 
experimentally address the long-standing question: how does permeability of a BLM depend on 
the lipophilicity of a permeating species? Membrane diffusion versus interfacial transfer control 
in permeation of a perfluoroalkyl oxoanion across a BLM will be distinguishable by studying 
potential dependence of its permeability. Such a study will be facilitated by using a highly stable 
BLM formed at the tip opening of a nanopore electrode, thereby yielding a surprisingly large 
breakdown voltage of 800 mV.38 Greater understanding of a lipophilicity−permeability 
relationship of ions at BLMs will be significant for environmental, pharmaceutical, and 
biomedical sciences. 
This work exemplifies powerfulness of voltammetric approaches that were recently 
reinforced for the study of ion transfer at liquid/liquid interfaces. Transient cyclic voltammetry at 
a micropipet electrode provides a more comprehensive set of parameters for ion transfer at 
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liquid/liquid interfaces in comparison to steady-state voltammetry.23 Importantly, both 
thermodynamic and kinetic parameters are necessary to comprehensively model the permeability 
of a lipophilic liquid membrane as demonstrated in this work and also by Murtomäki et 
al.22d Moreover, the high lipophilicity of perfluoroalkyl oxoanions will enable sensitive and 
selective detection of these environmentally important analytes by employing ion-transfer 
stripping voltammetry with a thin lipophilic polymer membrane.39 
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SUPPORTING INFORMATION  
Preparation of Electrolytes 
TDDA salts of perfluorobutanoate and perfluorononanoate were prepared as reported previously 
for the corresponding TFAB salt.S1 Mg(TPB)2 was prepared as follows: NaTPB was dissolved in 
deionized water and mixed with a solution of ammonium hydroxide to form precipitates of 
NH4TPB. The salt was washed with deionized water several times and then recrystallized from 
acetone. An equivalent amount of NH4TPB and magnesium ethoxide were mixed in anhydrous 
methanol and heated at 50 °C for 24 hours, where NH3 gas evolved as the reaction proceeded. 
The solvent was removed by rotary evaporator to obtain Mg(TPB)2. The final product was dried 
under vacuum for 24 hours. 
Numerical Simulation of a CV at a Micropipet Electrode 
Transient CVs obtained with oxoanionic surfactants 1–5 were fitted with quasi-reversible CVs 
simulated as reported recently.S2 A diffusion problem at a liquid/liquid microinterface formed at 
the tip of a micropipet electrode was defined using dimensionless parameters. A boundary 
condition at the interface was given by employing heterogeneous rate constants, kf and kb, for 
forward and backward ion transfers in Equation 6.3, respectively (see Equations 6.6 and 6.7). 
The two-phase diffusion problem was solved numerically by COMSOL Multiphysics version 3.4 
(COMSOL, Inc., Burlington, MA), which applies the finite element method. An example of the 
simulation is attached.  
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Table S1 lists 0ow
′∆ φ  and k0 values as well as diffusion coefficients in the bulk aqueous 
and n-octanol phases, Dw and Do, respectively. An α value of 0.5 as obtained for all surfactants is 
in the normal range of 0.4−0.6,S3 indicating that CVs of these amphiphilic ions are not 
complicated by double layer effects. S4 A k0 value does not vary with tip diameters, thereby 
confirming that the CVs are not nernstian. A significantly larger k0 value of 0.10 ± 0.01 cm/s was 
obtained for heptanoate so that the deviation of the CVs from a nernstian behavior is not due to 
an Ohmic potential drop in the resistive n-octanol phase. Moreover, a diffusion coefficient of an 
oxoanionic surfactant in n-octanol was found to be ~10 times smaller than that in water. This 
result agrees with the Walden rule,S5 where the ratio of the diffusion coefficients is inversely 
proportional to the ratio of viscosities of the respective solvents (7.498 and 0.8903 mPa·s at 25°C 
for n-octanol and water, respectively).S6  
It should be noted that our kinetic and thermodynamic data are not only more systematic 
but also more accurate than the corresponding data obtained only for dodecanoate at n-
octanol/water interfaces using a nanometer-sized pipet.S7 In the previous study, both hindered 
diffusion in the inner water phase and slow diffusion in the outer n-octanol phase were neglected 
in the analysis of steady-state CVs. In our study, the hinder and slow diffusion of ions in the 
inner n-octanol phase was considered in the numerical simulation. 
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Table S1. Thermodynamic and Kinetic Parameters for Oxoanionic Surfactants 1–5 as Determined by Cyclic 
Voltammetrya  
 
 n 0o
w
′∆ φ  mVb k0 cm/s Dw × 10−6 cm2/s Do × 10−6 cm2/s 
 
1 4 39 ± 5 0.026 ± 0.001 11 ± 1 1.7 ± 0.5 
 5 −2 ± 5 0.020 ± 0.004 11.1 ± 0.1 1.9 ± 0.5 
 6 −41 ± 6 0.018 ± 0.004 12 1.4 ± 0.2 
 7 −77 ± 5 0.017 ± 0.004 10.5 ± 0.5 1.2 ± 0.5 
 8 −112 ± 6 0.016 ± 0.003   9.3 ± 0.7 1.2 ± 0.4 
 9 −152 ± 4 0.0099 ± 0.0008 10.4 ± 0.5 2.1 ± 0.4 
2 7 63 ± 6 0.10 ± 0.01   9.9 ± 0.9 0.8 ± 0.2 
 8 30 ± 5 0.042 ± 0.004   9 ± 1 1 ± 1 
 9 −4 ± 4 0.029 ± 0.007   8.9 ± 0.8 1.4 ± 0.6 
 10 −44 ± 5 0.0203 ± 0.0004 10 ± 2 1.1 ± 0.5 
 11 −64 ± 5 0.024 ± 0.004 12 ± 2 0.8 ± 0.4 
 12 −79 ± 8 0.014 ± 0.003 13 2.2 ± 0.8 
3  −145 ± 5 0.010 ± 0.003   9 ± 2 0.7 ± 0.1 
4  −34 ± 6 0.057 ± 0.004 10.8 ± 0.9 0.9 ± 0.2 
5  3 ± 6 0.039 ± 0.009 12 ± 1 2.4 ± 0.7 
      
a A α value of 0.5 was obtained from all CVs. b Standardized on the basis of the TPA–TPB 
assumption.S9 
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Determination of Formal Potentials Based on the TPA–TPB Assumption 
A formal ion-transfer potential, 0ow
′∆ φ , of an ion was defined on the basis of the 
nonthermodynamic hypothesis that TPA and TPB have equal molar standard Gibbs energies of 
transfer.S9 This assumption is approximated to 
 0TPA
o
w
0
TPB
o
w
′′ ∆−=∆ φφ           (S1) 
Thus, the interfacial potential is defined as zero at 
 0
2
0
TPB
o
w
0
TPA
o
wo
w =
∆+∆
=∆
′′ φφ
φ         (S2) 
A combination of cyclic voltammetric and potentiometric data gives 0TPA
o
w
0
TPB
o
w
′′ ∆−=∆ φφ  = −171 
± 4 mV at n-octanol/water interfaces. This value is very close to a value of −160 mV estimated 
by Scholz and coworkers S10 while  Kihara and co-workers reported a smaller value of −110 
mV.S11 
The values of 0TPA
o
w
′∆ φ  and 0TPB
o
w
′∆ φ  were measured experimentally against 0ow
′∆ φ  for 
perflurononanoate (PFN). CVs for both TPA and PFN transfers were observed within a potential 
window to obtain 0PFN
o
w
0
TPA
o
w
′′ ∆−∆ φφ  = 323 ± 2 mV. On the other hand, TPB is too lipophilic to 
give a well-defined CV within a potential window in the presence of Mg2+ as an aqueous 
supporting electrolyte. In this case, Mg(TPB)2 is spontaneously extracted into the n-octanol 
phase. Thus, 0PFN
o
w
0
TPB
o
w
′′ ∆−∆ φφ  = −19 ± 8 mV was obtained by potentiometry (see below), where 
TPB partitions into the n-octanol phase as a counter ion of the lipophilic organic cation, TDDA, 
to suppress the salt extraction.S12 A combination of these potential differences with Equation 
6.S2 gives =∆ ′0PFN
o
wφ  −152 ± 4 mV. This value was used to obtain 
0
TPA
o
w
′∆ φ  and 0TPB
o
w
′∆ φ .     
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Potentiometric Determination of Formal Potentials for Highly Lipophilic Ions and at Low 
Ionic Strengths 
Potentiometry was employed to determine formal potentials for highly lipophilic ions, i.e., TPB 
and perfluorodecanoate (PFD), which are too lipophilic to give a well-defined CV within a 
potential window. As discussed above, 0PFN
o
w
0
TPB
o
w
′′ ∆−∆ φφ  was determined by potentiometry with 
the following electrochemical cell 
 
Ag | AgCl | 3 M NaCl || 1 mM MgSO4 in water || 1–30 µM perfluorononanoic acid or 5–150 µM 
Mg(TPB)2 in water | 0.2 mM TDDAPFN in n-octanol | Ag       
 
where a glass micropipet electrode was filled with a n-octanol solution and immersed in an 
aqueous solution. An open circuit potential of this cell was measured using a high impedance 
potentiometer (EMF-16, Lawson Labs Inc., Malvern, PA). Figure S1 shows nernstian responses 
to TPB and PFN, where the slope of the plots of the potential versus the logarithm of the ion 
concentration is –59 mV per log unit. The linear plots were extrapolated to 1 M ion 
concentration, where the potential difference corresponds to 0PFN
o
w
0
TPB
o
w
′′ ∆−∆ φφ .  
The formal potential of highly lipophilic PFD was also determined by potentiometry with 
PFN as a reference ion to yield 0PFN
o
w
0
PFD
o
w
′′ ∆−∆ φφ  = −22 ± 7 mV from their nernstian responses. 
With knowledge of 0PFN
o
w
′∆ φ , 0PFD
o
w
′∆ φ  = −174 ± 8 mV was obtained from the difference.  
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Figure S1. Potentiometric responses to PFN and TPB (red and black circles, respectively). The solid lines represent 
nernstian responses. 
 
 
 
Potentiometric measurements were also carried out to determine the difference in the 
formal potentials for a perfluoroalkyl and an alkyl carboxylate at a low ionic strength in a n-
octanol phase. The following electrochemical cell was constructed by using an organic-filled 
pipet 
 
Ag | AgCl | 3 M NaCl || 1 mM MgSO4 in water || 30–1000 µM perfluorobutanoic acid or 3–100 
µM heptanoic acid in water | 0.2 mM tetradodecylammonium perfluorobutanoate in n-octanol | 
Ag  
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Nernstian responses were obtained for both perfluorobutanoate and heptanoate, thereby 
yielding a difference between their formal potentials of −29 ± 6 mV (Figure S2). This value is 
very close to a difference of −24 ± 5 mV determined by cyclic voltammetry in the presence of 40 
mM TDDATFAB as an organic supporting electrolyte. Moreover, such consistent differences 
between the formal potentials at low and high ionic strengths in the n-octanol phase were 
obtained among these two carboxylates and PFN. This result indicates similar stability of ion 
pairs of the organic cation, TDDA, with perfluoroalkyl and alkyl carboxylates. 
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Figure S2. Potentiometric responses to perfluorobutanoate and heptanoate (red and blue circles, respectively). The 
solid lines represent nernstian responses. 
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Membrane Permeability 
Equation 6.8 was derived as follows. At a steady state, a membrane ion flux, Ji, is driven by the 
difference of ion concentrations, 1wic  and 2
w
ic , at the respective aqueous sides of the interfaces in 
Figure 5, thereby yielding 
)( 21 wi
w
imi ccPJ −=          (S3) 
Electroneutrality in a thick membrane is assumed to be maintained by another ion without 
affecting the membrane flux of the ion, i.S13 Moreover, the ion permeation across the thin 
membrane is assumed to be divided into three steps: (1) ion transfer at the interface between the 
membrane and aqueous solutions, (2) ion diffusion through the interior of the membrane, and (3) 
interfacial ion transfer at the opposite side of the membrane. Steps 1 and 3 give the ion flux as 
11 m
ib
w
ifi ckckJ −=          (S4) 
22 w
if
m
ibi ckckJ −=          (S5) 
where 1mic  and 2
m
ic  are the ion concentrations at the respective membrane sides of the interfaces 
in Figure 5. Step 2 gives the ion flux as 
  
d
ccDJ )(
21 m
i
m
io
i
−
=          (S6) 
A combination of Equations 6.S4–S6 results in 
 )(
/2
21 w
i
w
i
ob
f
i ccDdk
kJ −
+
=         (S7) 
A comparison of Equation 6.S3 with Equation 6.S7 gives Equation 6.8.  
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Diffusion-Controlled Permeability 
Membrane permeability controlled by diffusion of perfluoroalkyl and alkyl carboxylates in the 
membrane interior was calculated using Equation 6.1 with experimentally determined parameters 
including Do instead of Dm (Figure S3). With a nearly constant Do, the permeability, Pm, is 
proportional to the formal partition coefficient, 0′P , which varies by 4 orders of magnitude for 
all perfluoroalkyl and alkyl carboxylates. The overall range of the permeability is also wide 
because of the strong dependence of the diffusion-controlled permeability on the interfacial 
potential. 
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Figure S3. The diffusion-controlled permeability calculated using Equation 6.1 for perfluoroalkyl carboxylates 1 
(red symbols and lines) and alkyl carboxylates 2 (blue symbols and lines) at φow∆  = 171, 0, and −171 mV 
(triangles, circles, and crosses, respectively). The permeability depends on the membrane thickness, d. 
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7.0  SUBNANOMOLAR ION DETECTION BY STRIPPING VOLTAMMETRY 
WITH SOLID-SUPPORTED THIN POLYMERIC MEMBRANE 
This work has been published as Yushin Kim, Patrick J. Rodgers, Ryoichi Ishimatsu, and 
Shigeru Amemiya. Anal. Chem. 2009, 81, 7262–7270. 
7.1 ABSTRACT 
Subnanomolar limits of detection (LODs) are obtained for stripping voltammetry based on ion 
transfer at the interface between the aqueous sample and the thin polymeric membrane supported 
with a solid electrode. It has been predicted theoretically that a lower LOD can be obtained for a 
more lipophilic analyte ion, which can be preconcentrated at a higher equilibrium concentration 
in the solid-supported thin polymeric membrane to enhance a stripping current response. This 
study is the first to experimentally confirm the general theoretical prediction for both cationic 
and anionic analytes.  Proof-of-concept experiments demonstrate that a subnanomolar LOD of (8 
± 4) × 10–11 M tetrapropylammonium is significantly lower than a LOD of less lipophilic 
tetraethylammonium. Importantly, stripping voltammetry of the cationic analytes is enabled by 
newly introducing an oxidatively doped poly(3,4-ethylenedioxythiophene) film as the 
intermediate layer between a plasticized poly(vinyl chloride) membrane and a Au electrode. On 
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the other hand, an undoped poly(3-octylthiophene) film is used as an intermediate layer for 
voltammetric detection of a lipophilic inorganic anion, hexafluoroarsenate, an arsenical biocide 
found recently in wastewater. A LOD of (9 ± 2) × 10–11 M hexafluoroarsenate thus obtained by 
ion-transfer stripping voltammetry is comparable to a LOD of 80 pM by inductively coupled 
plasma–mass spectrometry with anion-exchange chromatography. Great sensitivity for a 
lipophilic ion is potentially useful for environmental analysis because high lipophilicity of an ion 
is relevant to its bioaccumulation and toxicity. 
7.2 INTRODUCTION 
Dynamic ion transfer across the interface between two immiscible electrolyte solutions, i.e., 
ITIES, enables highly sensitive stripping voltammetry.1 In comparison to traditional stripping 
voltammetry,2, 3 ion-transfer stripping voltammetry at the liquid/liquid interface is attractive for 
trace analysis of redox-inactive ions in environmental, biological, and biomedical samples. High 
sensitivity of this stripping method originates from preconcentration of an aqueous analyte ion 
into a water-immiscible organic phase, which is driven by external control of the phase boundary 
potential at the interface.1, 4 The preconcentration step is followed voltammetrically by reverse 
extraction of the ion from the organic phase into the aqueous phase to yield a stripping ionic 
current with enhanced sensitivity.  
During the past decade, a limit of detection (LOD) of ion-transfer stripping voltammetry 
has been lowered to nanomolar levels while micromolar limits were originally reported for 
various ions including acetylcholine,5 tetraethylammonium,6 alkaline earth cations,7 and 
protonated organic amines8 by employing fluid organic phases. The improved sensitivity is 
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mainly due to enhanced mass transfer of an analyte ion in the aqueous sample phase, which 
allows for more efficient preconcentration. Several to tens of nanomolar concentrations of Cd2+,4 
Zn2+,4 Pb2+,4, 9 Hg2+,9 and dodecylsulfonate10 are detectable by rotating a plasticized poly(vinyl 
chloride) (PVC) membrane as a robust organic phase to hydrodynamically accelerate 
preconcentration of the analytes. Interestingly, nanomolar LODs were also obtained for 
electrically neutral surfactants, which were preconcentrated as charged complexes with aqueous 
cations in the membrane phase.10-12 A plasticized PVC membrane was also integrated into a flow 
cell to detect 2 nM Ag+ by square-wave stripping voltammetry.13 Alternatively, radial diffusion 
of aqueous analyte ions to a micrometer-sized interface14 or an array of microinterfaces15 was 
utilized for preconcentration of nanomolar heparin16 or β-blocker propranolol,17 respectively. 
Recently, we applied a submicrometer-thick PVC membrane for stripping analysis of 
nanomolar perchlorate in various drinking waters.18 The thin PVC membrane was supported by a 
Au electrode modified with an undoped poly(3-octhylthiophene) (POT) film, which was 
oxidized to drive anion transfer into the PVC membrane (Figure 7-1a).18, 19 An analyte ion is not 
only completely trapped in the solid-supported membrane during a preconcentration step but also 
exclusively stripped from the thin-layer membrane to maximize a stripping current response. 
LODs of ~0.5 nM perchlorate thus obtained are much lower than the interim health advisory 
level of 15 ppb (~150 nM) perchlorate in drinking water set by the U.S. Environmental 
Protection Agency.20 These lowest LODs reported so far for ion-transfer stripping voltammetry, 
however, are an order of magnitude higher than subnanomolar LODs in the range of 10–10–10–11 
M as obtained by traditional anodic stripping voltammetry with a thin mercury film electrode.3 
Moreover, preconcentration of cationic analytes into the membrane phase requires reduction of 
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an intermediate conducting-polymer layer while a POT film is not readily reduced or stable in an 
oxidized form, which is discharged to a reduced form under an open circuit condition.19 
In this paper, we achieve subnanomolar LODs for both cationic and anionic analytes by 
ion-transfer stripping voltammetry with solid-supported thin polymeric membranes. These lower 
LODs represent the first experimental confirmation of a theoretical prediction that a more 
lipophilic analyte ion gives a lower LOD for stripping voltammetry with a solid-supported thin 
polymeric membrane.18 Importantly, lipophilicity of either a cation or an anion is generally 
quantified by a preconcentration factor, Y,18 (also known as the apparent ion partition 
coefficient21) to dictate a LOD as demonstrated in proof-of-concept experiments. A 
subnanomolar LOD of 80 nM tetrapropylammonium (TPA) is compared with a LOD of less 
lipophilic tetraethylammonium (TEA). Importantly, the voltammetric detection of cationic 
analytes is enabled by newly introducing an oxidatively doped poly(3,4-ethylenedioxythiophene) 
(PEDOT) film, which is reduced to preconcentrate cations in the PVC membrane (Figure 7-1b). 
This conducting polymer has a very high stability in the oxidized form and undergoes a facile 
redox reaction.22, 23 A practical significance of the theoretical prediction is demonstrated for trace 
analysis of a lipophilic inorganic anion, hexafluoroarsenate, which is known as an arsenical 
biocide24, 25 and was recently found in wastewater.26, 27 A LOD of 90 nM hexafluoroarsenate as 
obtained with a PVC/POT-modified Au electrode is lower than that of less lipophilic perchlorate 
and compared to a LOD of hexafluoroarsenate by inductively coupled plasma–mass 
spectrometry with anion-exchange chromatography. Finally, the voltammetric anion- and cation-
selective electrodes are characterized by electrochemical impedance spectroscopy (EIS). While 
both PVC/POT- and PVC/PEDOT-modified electrodes have been used for ion-selective  
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  (a) 
 
 
  (b) 
 
 
Figure 7-1. Scheme of (a) anion and (b) cation detection by ion-transfer stripping voltammetry with thin PVC 
membranes coated on POT- and PEDOT-modified Au electrodes, respectively. Red circles and squares represent 
aqueous anionic and cationic analytes, respectively. Blue circles and squares correspond to organic anion and cation 
in the membrane phase, respectively. 
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potentiometry,28 the solid-supported PVC membranes for ion-transfer stripping voltammetry 
must be not only thinner for exhaustive ion stripping18 but also more conductive for avoiding a 
significant Ohmic potential drop in the membranes,19 which is confirmed by EIS. 
7.3 THEORY 
Here we summarize theories of ion-transfer stripping voltammetry with a solid-supported thin 
polymeric membrane to explain how a more lipophilic ion gives a lower LOD. The proof of the 
following equations is given in our previous work.18 Interestingly, the LOD based on dynamic 
ion transfer at the liquid/liquid interface is ultimately dictated by equilibrium partitioning of an 
analyte ion with charge zi, 
 
izi , between the bulk aqueous and membrane phases 
 
izi  (water)  
 
izi  (membrane) 
Equation 7.1 
 
When an aqueous ion is preconcentrated into the solid-supported thin membrane with a small 
volume, equilibrium partitioning of the analyte ion is eventually achieved to limit a membrane 
concentration of the analyte ion. The equilibrium membrane concentration, cPVC, with respect to 
the sample concentration, cw, is defined in general for either cation or an anion by a 
preconcentration factor, Y,18  (also known as the apparent ion partition coefficient21) based on the 
Nernst equation as 
  
 
Y = cPVC
cw
= exp − ziF(∆w
PVCφ − ∆w
PVCφi
′ 0 )
RT
 
 
 
 
 
  
Equation 7.2 
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where zi is the charge of the analyte ion, F is Faraday’s constant,   
 
∆w
PVCφ  is the Galvani potential 
difference between the aqueous and PVC membrane phases, and   
 
∆w
PVCφi
′ 0  is the formal potential 
of the analyte ion. Since the amplitude of a stripping current response varies with the membrane 
concentration, higher sensitivity and, subsequently, a lower LOD are expected for a more 
lipophilic ion with larger Y. In practice, the same potential near a negative (or positive) side of a 
potential window at the liquid/liquid interface is applied for cations (or anions) to result in a 
larger potential difference,   
 
∆w
PVCφp − ∆w
PVCφi
′ 0 , for a more lipophilic cation (or anion) with a more 
positive (or negative) formal potential,21 thereby yielding a larger preconcentration factor.  
Noticeably, Equation 7.2 is valid not only for simple ion transfer but also for ion transfer 
facilitated by ionophores, where a formal potential depends on ion lipophilicity and stability of 
ion–ionophore complexes.29 Nevertheless, this work is focused on simple ion transfer. Stripping 
voltammetry based on facilitated ion extraction at a solid-supported thin polymeric membrane 
requires greater understanding of mass transfers of ionophores and ion–ionophore complexes in 
the membrane. 
A time-dependent preconcentration process was modeled to quantitatively demonstrate 
that a lower LOD based on equilibrium preconcentration of a more lipophilic ion requires longer 
preconcentration. The total charge of preconcentrated analyte ions, Q(tp), depends on 
preconcentration time, tp, as given by18 
 
Q(tp) = Qeq 1− exp −
il
Qeq
tp
 
 
  
 
 
  
 
 
 
 
 
 
 
 
Equation 7.3 
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with 
  
 
Qeq = ziFAlcPVC 
Equation 7.4 
 
where Qeq is the total charge at an equilibrium, A is an effective area of the PVC 
membrane/water interface, l is an effective membrane thickness. Since the electrode is rotated 
during a preconentration step (see Experimental section), the limiting current, il, is given by the 
Levich equation as30   
i1 = 0.62ziFADw2⁄3ω1⁄2ν–1⁄6cw 
Equation 7.5 
 
where Dw is a diffusion coefficient of the ion in the aqueous phase, ω is the angular frequency of 
electrode rotation, and ν is the kinematic viscosity. The time constant, Qeq/il, in Equation 7.3 is 
given by a combination of Equations 7.4 and 7.5 as 
 
Qeq
il
=
lY
0.62Dw
2 / 3w1/ 2v−1/ 6
 
Equation 7.6 
 
Equation 7.6 confirms that equilibrium partitioning of a more lipophilic ion with a larger 
preconcentration factor (see Equation 7.2) requires longer preconcentration.  
In the following, the aforementioned theoretical predictions are confirmed experimentally 
for cationic analytes, TEA and TPA, with different lipophilicities, which result in different time 
courses toward equilibrium partitioning of the respective ions within a practical preconcentration  
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time (<1 hr). The theoretical predictions are also tested for hexafluoroarsenate, a lipophilic anion 
with analytical importance. Overall, a trend of a lower LOD for an ion with larger Y is reported 
for the total of four cations and anions as summarized in Table 7-1. 
7.4 EXPERIMENTAL SECTION 
7.4.1 Chemicals 
Tetradodecylammonium (TDDA) bromide, 3-octylthiophene, 3,4-ethylenedioxythiophene, 
tetrapropylammonium chloride, lithium sulfate monohydrate, and lithium hexafluoroarsenate (V) 
were obtained from Aldrich (Milwaukee, WI). Poly(vinyl chloride) (PVC, high molecular 
weight), tetraethylammonium chloride, and 2-nitrophenyl octyl ether were from Fluka 
(Milwaukee, WI). Potassium tetrakis(pentafluorophenyl)borate (TFAB) was from Boulder 
Scientific Company (Mead, CO). All reagents were used as received. The TFAB salt of TDDA 
was prepared as reported elsewhere.19  
7.4.2 Electrode Modification 
A 5 mm-diameter Au disk attached to a rotating disk electrode tip (Pine Research 
Instrumentation, Raleigh, NC) was modified with a conducting polymer film and then with a 
PVC membrane. Preparation of a PVC/POT-modified Au electrode was reported elsewhere.18 A 
PVC/PEDOT-modified Au electrode was prepared as follows.  
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Table 7-1. A Comparison of Lipophilicity, Y, and LOD of Cationic and Anionic Analytes.  
 
 TPA TEA hexafluoroarsenate perchlorate a 
Y 1.6 × 105 1.0 × 104 1.7 × 105 1.4 × 104 
LOD / M 8 × 10–11 4 × 10–10 9 × 10–11 5 × 10–10 
 
a Data from ref. 18.  
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A PEDOT film was deposited on a polished and cleaned Au electrode18 with 5 mm 
diameter by cyclic voltammetry using a three-electrode cell with a Ag/Ag+ reference electrode 
(CH Instruments) and a Pt-wire counter electrode. The film deposition was conducted in an 
acetonitrile solution containing 0.01 M 3,4-ethylenedioxythiophene and 0.01 M TDDATFAB by 
cycling the potential between –1.0 and 1.4 V at 0.1 V/s for 3 times using a computer-controlled 
CHI 600a electrochemical workstation (CH Instruments). The final potential was set to 0.5 V to 
oxidatively dope a PEDOT film with TFAB. The modified Au electrode was soaked in 
acetonitrile for 30 min and washed with THF for 1 min to remove soluble fractions of the 
PEDOT film. The remaining PEDOT film is not readily soluble in THF and can be spin-coated 
with a PVC membrane from a THF solution of membrane components.  
A PVC membrane was spin-coated on a Au disk modified with a PEDOT film from a 
membrane cocktail with the composition of 4 mg PVC, 16 mg 2-nitrophenyl octyl ether, and 2.2 
mg TDDATFAB in 1 mL THF. A 8 μL THF solution of the membrane cocktail was injected 
onto the PEDOT-modified Au disk rotating at 300 rpm in a spin-coating device (model SCS-G3-
8, Cookson Electronics, Providence, RI). The slow rotation resulted in a relatively thick PVC 
membrane with ~3 µm thickness, which was required for a good coverage of a PEDOT film. 
After spinning for 30 s, the modified Au disk was removed from the spin coater and dried in air 
for >30 min. A membrane cocktail with the same composition was employed to spin-coat a ~0.7 
µm-thick PVC membrane on a POT-modified Au electrode rotating at 1500 rpm.18 An effective 
thickness of a PVC membrane spin-coated on either PEDOT- or POT-modified Au electrode was 
determined by ion-transfer cyclic voltammetry as reported elsewhere.18   
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7.4.3 Voltammetric Measurements 
Cyclic voltammetry and stripping voltammetry were performed by employing a CHI 900 
electrochemical workstation (CH Instruments). A three-electrode arrangement with a Ag/AgCl 
reference electrode (CH Instruments) and a Pt-wire counter electrode was employed. 
Electrochemical cells were as follows: 
Ag | AgCl | KCl (3 M) || x M TEACl or TPACl in 0.01 M LiSO4 (aq) | PVC membrane | PEDOT 
| Au             (cell 1) 
 
Ag | AgCl | KCl (3 M) || y M LiAsF6 in 0.01 M LiSO4 (aq) | PVC membrane | POT | Au  
           (cell 2) 
 
The analyte concentrations are given in the Results and Discussion. Aqueous sample solutions 
were prepared with 18.3 MΩ cm deionized water (Nanopure, Barnstead, Dubuque, IA). The 
current carried by a positive charge from the aqueous phase to the PVC membrane is defined to 
be positive. All electrochemical experiments were performed at 22 ± 3 °C.  
A piece of Teflon tube18, 19 was put on a membrane-modified Au electrode tip for cyclic 
voltammetry to obtain a disk-shaped PVC membrane/water interface with the diameter of 1.5 
mm and the interfacial area of 0.0177 cm2. The tube was not used for stripping voltammetry, 
where a membrane-modified electrode was rotated by using a modulated speed rotator (Pine 
Research Instrumentation). A preconcentration potential was set near the limit of the potential 
window so that a liming current, il, was obtained by rotating-electrode voltammetry. A potential 
sweep rate during a stripping step was slow enough to exhaustively transfer preconcentrated ions 
from the PVC membrane into the aqueous sample.  
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7.4.4 Electrochemical Impedance Spectroscopy (EIS) 
EIS was carried out by using CHI 660b electrochemical workstation (CH Instruments). In cell 1 
or 2 without analyte ions, the center of the membrane surface was vertically directed toward the 
center of a 2 mm-diameter Pt counter electrode. The distance between the working and counter 
electrodes was set to 9 mm. A constant dc bias was applied to the membrane-modified electrode 
such that no ion transfer occurs across the PVC membrane/water interface. The ac component of 
potential was 20 mV (peak-to-peak) and the ac frequency was swept in the range from 10 Hz to 
100 kHz.  
7.5 RESULTS AND DISCUSSION 
7.5.1 Voltammetric Cation Detection with a Poly(Vinyl Chloride)/Poly(3,4-
Ethylenedioxythiophene)-Modified Electrode 
An oxidatively doped PEDOT film was newly introduced to enable voltammetric cation 
detection with a thin PVC membrane supported on a conducting-polymer-modified electrode 
(Figure 7-1b) while voltammetry of anionic analytes, heparin19 and perchlorate,18, 19 has been 
reported by employing an undoped POT film (Figure 7-1a). A PVC/PEDOT-modified Au 
electrode was employed to detect tetraalkylammoniums with different alkyl groups, i.e., TPA 
and TEA, as model cationic analytes with different lipophilicities. Well-defined cyclic 
voltammograms (CVs) of TPA and TEA were obtained at a PVC/PEDOT-modified electrode 
(red lines in Figures 2a and b, respectively). More lipophilic TPA is transferred more favorably 
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from the aqueous phase into the membrane phase, thereby yielding the corresponding CV at less 
negative potentials. A peak-shaped forward wave based on simple ion transfer from the aqueous 
phase into the membrane phase is coupled with reduction of the underlying PEDOT film in the 
oxidized form (Figure 7-1b). Cation transfer during the reverse potential sweep also gives a peak 
current response, which requires oxidation of the reduced PEDOT film. Noticeably, the shapes of 
the CVs indicate that the currents are limited by diffusion-controlled ion transfer at the PVC 
membrane/water interface rather than by electrolysis of the surface-confined PEDOT film, 
indicating that this conducting polymer has sufficient redox capacity.19    
Intrinsic lipophilicities of the tetraalkylammoniums were quantitatively assessed as 
formal ion-transfer potentials,   
 
∆w
PVCφ ′ 0 , from the corresponding CVs. The experimental CVs at a 
PVC/PEDOT-modified electrode were fitted with CVs simulated for reversible transfer of a 
monocation (black circles in Figure 7-2) by the finite element method as reported elsewhere18 
(see also Supporting Information). The relatively good fits confirm that the current is limited by 
ion transfer rather than by PEDOT electrolysis. The fits show that the difference in lipophilicities 
of TPA and TEA corresponds to the difference of 70 mV in their formal ion-transfer potentials. 
In this analysis, the potential applied to the Au electrode, Eapp, was converted to the potential 
applied at the PVC membrane/water interface (indicated as 
 
∆φ  on the top axis of Figure 7-2) by 
considering polarization of a PVC/PEDOT/Au junction (see Supporting Information).18, 19 The 
polarization at the PEDOT-based system, however, does not exactly follow an empirical 
relationship (see Equation 7.S2), thereby causing the deviation between the experimental and 
simulated CVs of TEA and TPA transfers. This deviation is not due to an Ohmic potential drop 
in the membrane, which is sufficiently conductive as demonstrated later by EIS.  
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Figure 7-2. Experimental (red line) and simulated (circles) CVs of 20 μM (a) TPA and (b) TEA with a 
PVC/PEDOT-modified electrode. Scan rate, 0.1 V/s. Eapp on the bottom axis was converted to 
 
∆φ  on the top axis 
by assuming app
PVC
w / E∂∆∂ φ  = 0.64 (see Supporting Information). 
(a) 
(b) 
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The CVs of TPA and TEA also demonstrate that the solid-supported membrane is thin 
enough for these tetraalkylammoniums to be exhaustively stripped from the membrane during  
the reverse potential sweep at 0.1 V/s. In fact, the total charge under the forward response in the 
CVs (0.15 and 0.12 µC for TPA and TEA, respectively) is nearly cancelled by the total charge 
under the reverse response (0.14 and 0.11 µC for the respective ions). Moreover, the resulting 
reverse peak current is enhanced by efficient ion diffusion in the thin membrane to be larger than 
the forward peak current, which contrasts to the corresponding peak currents based on semi-
infinite ion diffusion in a thick membrane. The modes of membrane ion diffusion are 
characterized by a dimensionless parameter, σ, as18 
 
σ =
l2 zi Fv
DmRT
 
Equation 7.7 
 
where v is a potential sweep rate, and Dm is a diffusion coefficient of the transferred ions in the 
membrane phase. The numerical analysis of the experimental CVs of TPA and TEA gives σ 
values of 6.3 and 4.7, respectively, which are much smaller than a σ value of >100 for semi-
infinite ion diffusion. These σ values of TPA and TEA, however, are larger than required for an 
idealistic thin layer behavior (σ < 1), where diffusion of an analyte ion in the membrane is 
negligible.18 The intermediate σ values of a PVC/PEDOT-modified electrode are due to a 
relatively thick PVC membrane, which must be at least as thick as 3 µm to completely cover a 
PEDOT film. 
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7.5.2 Membrane Preconcentration of Tetraalkylammoniums with Different 
Lipophilicities 
More lipophilic TPA with a less negative formal potential gives a larger preconcentration factor, 
Y (Equation 7.2), thereby resulting in a larger time constant for preconcentration of TPA. In fact, 
equilibrium preconcentration of TPA takes longer as proved by measuring stripping 
voltammograms of TPA and TEA at different preconcentration times. Stripping voltammograms 
of 25 nM TPA demonstrate that peak current responses vary with preconcentration times even 
after 1 hour (Figure 7-3a). On the other hand, a stripping response to 250 nM TEA reaches a 
plateau only after ~2 min preconcentration (data not shown) when equilibrium partitioning of 
TEA between the membrane and aqueous phases is achieved.  
The remarkably different time profiles for preconcentration of TPA and TEA are 
quantitatively ascribed to their different lipophilicities as represented by a preconcentration 
factor, Y. The integrations of the stripping voltammograms for TPA and TEA give the total 
charge based on preconcentrated analyte ions, Q(tp), which is plotted against preconcentration 
time, tp (Figure 7-3b). The plots for TPA and TEA fit well with Equation 7.3, thereby yielding 
equilibrium charges, Qeq, as well as times constants, Qeq/il. The good fits confirm that the non-
equilibrium preconcentration processes limited by mass transfer of an ion in the aqueous solution 
is well controlled under the rotating electrode configuration.18 QEquation 7.values for the respective 
ions correspond to applied potentials of   
 
∆w
PVCφp − ∆w
PVCφ ′ 0  = 0.31 ± 0.01 and 0.23 ± 0.01 V as 
obtained by using Equations 7.2 and 7.4 with l = 3 µm. Since the same potential was applied for 
preconcentration of both TPA and TEA, the different applied potentials correspond to the 
difference of 0.08 ± 0.01 V in formal potentials of the two ions. This result agrees well with the  
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Figure 7-3. (a) Stripping voltammograms of 25 nM TPA at 0.1 V/s after preconcentration for 5 (black), 10 (cyan), 
15 (orange), 20 (green), 30 (magenta), 45 (blue), and 60 (red) min. A PVC/PEDOT-modified electrode was rotated 
at 4000 rpm. (b) Plots of Q(tp)/Qeqversus tp for TPA (red) and TEA (black). The circles and solid lines represent 
experimental and theoretical (Equation 7.3) values, respectively. 
(a) 
(b) 
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difference of the formal potentials determined by cyclic voltammetry (see above). Equation 7.2 
with these applied potentials gives Y = (1.6 ± 0.7) × 105 and (1.0 ± 0.4) × 104 for TPA and TEA, 
respectively, indicating that the PVC membrane has 16 times higher capacity for more lipophilic 
TPA at the preconcentration potential. It should be noted that the remarkably different time 
profiles for preconcentration of 25 nM TPA and 250 nM TEA in Figure 7-3b are not due to the 
different aqueous concentrations, which do not affect a preconcentration time constant, Qeq/il, in 
Equation 7.6 (2.3 × 103 and 7.5 × 10 s for TPA and TEA, respectively). In fact, a higher 
concentration was needed for TEA because of lower sensitivity to this less lipophilic analyte (see 
below).TEA fit well with Equation 7.3, thereby yielding equilibrium charge, Qeq. The Qeq values 
for the respective ions correspond to 
 
∆φ  = 0.31 ± 0.01 and 0.23 ± 0.01 V as obtained by using 
Equations 7.2 and 7.4 with l = 3 µm. Since the same potential was applied for preconcentration 
of both TPA and TEA, the different overpotentials correspond to the difference of 0.08 ± 0.01 V 
in formal potentials of the two ions. This result agrees well with the difference of the formal 
potentials determined by cyclic voltammetry (see above). Equation 7.2 with these overpotentials 
gives Y = (1.6 ± 0.7) × 105 and (1.0 ± 0.4) × 104 for TPA and TEA, respectively, indicating that 
the PVC membrane has 16 times higher capacity for more lipophilic TPA at the preconcentration 
potential. It should be noted that the remarkably different time profiles for preconcentration of 25 
nM TPA and 250 nM TEA in Figure 7-3b are not due to the different aqueous concentrations, 
which do not affect a preconcentration time constant, Qeq/il, in Equation 7.6. In fact, a higher 
concentration was needed for TEA because of lower sensitivity to this less lipophilic analyte (see 
below). 
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7.5.3 A Subnanomolar LOD for Tetrapropylammonium by Stripping Voltammetry 
Stripping voltammetry with a PVC/PEDOT-modified electrode gives a subnanomolar LOD for 
TPA after 30 min preconcentration. The resulting current responses to TPA vary with its 
concentrations in the range of 50–1000 pM (Figure 7-4a). The IUPAC’s upper limit approach31 
was employed to obtain a LOD of (8 ± 4) × 10–11 M TPA at a confidence level of 95 % from a 
linear relationship between the stripping peak current and TPA concentration (Figure 7-4b). This 
LOD is the lowest value reported so far for ion-transfer stripping voltammetry. The LOD for 
TPA is not significantly lowered by increasing the preconcentration time from 30 min, at which 
the concentration of TPA in the membrane reaches 43 % of the equilibrium concentration 
(Figure 7-3b). A much higher LOD of 0.44 nM TPA was obtained by reducing preconcentration 
time to 3 min (Figure 7-4b). On the other hand, a stripping peak current varies linearly with TEA 
concentrations only at >0.5 nM after either 3 or 30 min preconcentration, thereby yielding LODs 
of 0.37 and 0.42 nM, respectively. A PVC membrane is saturated with TEA after ~2 min 
preconcentration (Figure 7-3b) so that longer preconcentration does not increase the membrane 
concentration of TEA or, subsequently, lower the LOD. Overall, the lower LOD for TPA in 
comparison to the LODs for TEA is consistent with higher lipophilicity of TPA as expected from 
its larger Y value (Table 7-1). The LOD for TPA, however, is only ~5 times lower while the 
preconcentration factor, Y, for TPA is 16 times larger. The apparently moderate LOD for TPA is 
due to increasing background current in this potential range (inset of Figure 7-4a).  
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Figure 7-4. Background-subtracted stripping voltammograms of 50 (black), 100 (green), 300 (magenta), 500 (blue), 
1000 (red) pM TPA in deionized water at 0.1 V/s after 30 min preconcentration. The inset shows original stripping 
voltammograms including a background stripping voltammogram. A PVC/PEDOT-modified electrode was rotated 
at 4000 rpm. (b) Plots of background-subtracted peak current versus TPA concentrations after 3 (black circles) and 
30 min (red circles) preconcentration. The solid lines represent the best fits used for determination of LODs. 
(b) 
(a) 
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 It should be noted that a lower LOD for TPA at a long preconcentration time of 30 
minutes is also advantageous for its detection in the presence of TEA. A stripping 
voltammogram with a mixed solution of TEA and TPA at the identical concentration is 
dominated by a response to TPA around ~0.3 V after 30 minutes preconcentration (Figure 7-5a). 
This apparently high selectivity for TPA over TEA is due to immediate saturation of a PVC 
membrane with less lipophilic TEA at the early stage of a preconcentration step while TPA is 
steadily preconcentrated into the membrane for 30 minutes to give a much larger stripping 
current response. On the other hand, a significant stripping response to TEA is observed around 
~ 0.19 V after 30 seconds preconcentration (Figure 7-5b), which is resolved from the response to 
TPA, because of their different formal potentials.  
7.5.4 Hexafluoroarsenate as a Lipophilic Anionic Contaminant 
Hexafluoroarsenate was investigated as one of the most lipophilic inorganic anions in the so-
called Hofmeister series32 to demonstrate that a subnanomolar LOD is obtained also for a 
lipophilic anion. Hexafluoroarsenate is an arsenical biocide24 used as a pesticide, Hexaflurate.23 
Hexafluoroarsenate was recently found in wastewater from a crystal glass factory containing 
high concentrations of arsenic and fluoride.25, 26 
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Figure 7-5. Background-subtracted stripping voltammograms of TEA and TPA in a mixed solution at the identical 
concentration after preconcentration for 30 minutes (left) and 30 seconds (right). The ion concentrations are 24 and 
50 nM, respectively. The dotted lines represent zero current. 
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Figure 7-6. Experimental (red line) and simulated (circles) CVs of 20.4 μM hexafluoroarsenate at a PVC/POT-
modified electrode. Scan rate, 0.1 V/s. Eapp on the bottom axis was converted to 
 
∆φ  on the top axis by assuming 
app
PVC
w / E∂∆∂ φ  = 0.67 (see Supporting Information). 
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 A well-defined CV of lipophilic hexafluoroarsenate was obtained favorably with a 
PVC/POT-modified electrode (Figure 7-6). The CV fits very well with a CV simulated for 
reversible anion transfer, which controls measured currents. A σ value of < 1 as obtained from 
the fit indicates that the solid-supported membrane serves as a thin-layer cell.18 This σ value for 
hexafluoroarsenate with a PVC/POT-modified electrode is smaller than σ values obtained for 
TEA and TPA with a PVC/PEDOT modified electrode, because a PVC membrane of the former 
electrode is thinner than that of the latter (l = 0.718 and 3 µm in Equation 7.7, respectively). The 
numerical analysis also gives a formal potential of hexafluoroarsenate, which is by 61 mV less 
positive than that of less lipophilic perchlorate.18  
The higher lipophilicity of hexafluoroarsenate is confirmed by stripping voltammetry of 
25 nM hexafluoroarsenate at various preconcentration times (Figure 7-7a). The stripping current 
response increases monotonically at a longer preconcentration time to reach a plateau value 
within 20 min preconcentration when equilibrium partitioning of hexafluoroarsenate between the 
membrane and aqueous phases is achieved. The preconcentration time required for equilibration 
is ~10 times longer than that for prechlorate,18 which is due to higher lipophilicity of 
hexafluoroarsenate (Equation 7.6). A plot of Q(tp)/Qeq versus tp for hexafluoroarsenate fits well 
with Equation 7.3 (Figure 7-7b) to give a Qeq value, which corresponds to an applied potential of 
0.31 V with respect to a formal potential as given by using Equations 7.2 and 7.4 with l = 0.7 
µm.  This applied potential is more positive than the corresponding applied potential of 0.25 V 
for perchlorate by 60 mV, which is consistent with the difference in formal potentials of 
hexafluoroarsenate and perchlorate as determined by cyclic voltammetry. Consequently, the 
corresponding Y value of hexafluoroarsenate is 12 times larger than that of perchlorate (Table 
7-1). 
 204 
1.0 0.9 0.8 0.7 0.6 0.5
0
1
2
 
 
cu
rre
nt
 / 
µA
Eapp / V
 
0 10 20
0.0
0.5
1.0
 
 
Q
(t p
)/Q
eq
preconcentration time tp / min
 
 
Figure 7-7. (a) Stripping voltammograms of 25 nM hexafluoroarsenate at 0.1 V/s after a preconcentration step of 
0.5 (black), 1 (olive), 2 (purple), 3 (yellow), 4 (pink), 6 (cyan), 8 (orange), 10 (green), 12 (magenta), 15 (blue), and 
20 (red) min. A PVC/POT electrode was rotated at 4000 rpm. (b) Plots of Q(tp)/Qeq versus tp for hexafluoroarsenate 
(red) and perchlorate (black). The circles and solid lines represent experimental and theoretical (Equation 7.3) 
values, respectively. 
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It should be noted that, despite similar applied potentials and, subsequently, preconcentration 
factors for TPA and hexafluoroarsenate, a thinner PVC membrane covered on a POT-modified 
electrode is more quickly saturated with hexafluoroarsenate than a PVC/PEDOT membrane with 
TPA (Figures 3b and 6b, respectively) as expected from the dependence of preconcentration time 
constant on the membrane thickness (Equation 7.6). 
7.5.5 A Subnanomolar Limit of Detection for Hexafluoroarsenate by Stripping 
Voltammetry 
A subnanomolar LOD for hexafluoroarsenate was obtained by stripping voltammetry 
with a PVC/POT-modified electrode in deionized water containing 0.01 M Li2SO4.  Stripping 
current responses after 8 min preconcentration vary with 0.25–1.25 nM hexafluoroarsenate 
(Figure 7-7). The background-subtracted peak current is linear to the sample ion concentration 
(inset of Figure 7-7). A LOD of (9 ± 2) × 10–11 M was obtained by using the IUPAC’s upper 
limit approach at a confidence level of 95 %.31 This LOD is comparable to the LOD of 80 pM 
hexafluoroarsenate (6 ng/L as arsenic) in waters by inductively coupled plasma–mass 
spectrometry with anion-exchange chromatography.33 Moreover, the LOD for 
hexafluoroarsenate with a PVC/POT-modified electrode in 0.01 M Li2SO4 is significantly lower 
than the corresponding LOD of 0.5 ± 0.1 nM perchlorate, to which stripping current responses 
vary with its concentrations only at ≥1 nM. 18 The lower limit of detection for more lipophilic 
hexafluoroarsenate is expected from its larger Y value (Table 7-1). In fact, the higher 
lipophilicity of hexafluoroarsenate is shown also in the stripping voltammograms (Figure 7-7), 
where the background peak current responses around ~0.87 V are due to perchlorate 
contaminated in the membrane during electrochemical deposition of a POT film in 0.5 M 
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LiClO4.18 Overall, LODs of both cations and anions examined in this study are mainly dictated 
by their lipophilicities as quantified by their Y values (see Table 7-1). 
7.5.6 EIS of Membrane-Modified Electrodes 
Ac impedance responses of PVC/PEDOT- and PVC/POT-modified electrodes confirm 
that these thin double-polymer membranes are conductive enough to avoid a significant Ohmic 
potential drop in the membranes. A membrane-modified electrode was immersed in 0.01 M 
Li2SO4 and biased with a dc potential such that no ion transfer occurs across the PVC 
membrane/water interface. For the blocking electrode, the impedance, Z, can be expressed by use 
of a resistor and a constant phase element as34 
 
Z = ZRe − jZIm = R +
1
( jω)α Q
 
Equation 7.8 
 
where R, α, and Q are real values and independent of the ac frequency, ω, of potential. Equation 
7.8 fits well with impedance responses in low frequency regions (
 
R < ZRe in Figure 7-8), thereby 
yielding the corresponding parameters listed in Table 7-2. The following discussion is focused 
on the resistance, R, which represents the sum of resistances in the bulk membrane and aqueous 
phases. Interpretation of the constant phase element can be hardly made because of the presence 
of multiple interfaces in the membrane-modified electrodes. 
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Figure 7-8. Stripping voltammograms of 0 (black dotted), 0.25 (black solid), 0.5 (green), 0.75 (magenta), 1 (blue), 
and 1.25 (red) nM hexafluoroarsenate at 0.1 V/s. The inset shows a plot of background-subtracted peak current 
versus analyte concentration. The solid line represents the best fit used for determination of LODs. Preconcentration 
time was 8 min. A PVC/POT-modified electrode was rotated at 4000 rpm. 
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 The R values with the membrane-modified electrodes are similar to the R value with a 
bare Au electrode (Table 7-2), indicating that the R values mainly reflect the solution resistance 
between the working and counter electrodes. The R value with the PVC/PEDOT-modified 
electrode is larger than that with the bare Au electrode only by 0.06 kΩ, which corresponds to 
the resistance of the PVC/PEDOT membrane. Despite a thinner PVC membrane, the R value 
with the PVC/POT-modified electrode is larger than that with the PVC-PEDOT-modified 
electrode by 0.08 kΩ. This result indicates that the undoped POT film is more resistive than the 
oxidatively doped PEDOT film. Both membrane resistances of <0.15 kΩ and total resistances of 
≤0.60 kΩ are small enough to cause a negligible Ohmic potential drop of < 1 mV in the 
membranes when stripping current of <1.5 µA flows across the membranes under the 
experimental conditions employed in this study.  
It should also be noted that impedance responses of membrane-modified and bare Au 
electrodes in lower frequency regions (
 
R << ZRe) depend on the dc component of potential such 
that α values are affected (data not shown). Impedance responses in higher frequency regions  
(
 
ZRe ≈ R  or lower) are rather independent of the dc bias, thereby yielding similar R values as 
listed in Table 7-2. We were not able to find a good equivalent circuit for the impedance 
responses in the higher frequency regions, where data points are limited by the available 
frequency range of our instrument (Figure 7-9b). 
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Figure 7-9. Nyquist plots of experimental (circles) and simulated (solid lines) impedance responses in the (a) whole 
and (b) higher frequency regions as obtained with PVC/POT-modified (red), PVC/PEDOT-modified (blue), and 
bare (black) Au electrodes in 0.01 M Li2SO4. The dc biases applied to the respective electrodes were 0.15, 0, and 0 
V against a Ag/AgCl reference electrode. An equivalent circuit based on a constant phase element was used for the 
simulations. 
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Table 7-2. Parameters Determined from Impedance Responses of Membrane-Modified and Bare Au Electrodes in 
0.01 M Li2SO4. 
 
electrode R / kΩ α Qa 
PVC/PEDOTb 0.52 0.89 1.6 × 105 
PVC/POTb 0.60 0.90 4.8 × 105 
bare 0.46 0.88 6.7 × 104 
 
a The unit depends on α.34 b A PVC membrane was spin-coated on a conducting polymer-
modified Au electrode with 5 mm diameter as described in the Experimental section.  
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7.6 CONCLUSION 
The subnanomolar LODs that were obtained for both cationic and anionic analytes by employing 
PVC/PEDOT- and PVC/POT-modified electrodes, respectively, are the lowest LODs reported so 
far for ion-transfer stripping voltammetry. The subnanomolar LODs were obtained for lipophilic 
ions as predicted by Equation 7.2. The great sensitivity for lipophilic ions is potentially useful for 
environmental analysis because high lipophilicity of an ion is relevant to its bioaccumulation and 
toxicity. Hexafluoroarsenate32 and perchlorate35 are two of the most lipophilic inorganic anions 
in the Hofmeister series. Moreover, we have recently employed ion-transfer voltammetry to 
demonstrate that perfluoroalkyl carboxylate and sulfonate, which are an emerging class of 
organic contaminants,36 are much more lipophilic than their alkyl counterparts.37 Other lipophilic 
ions that potentially possess adverse health effects include ionizable pharmaceuticals38 and ionic 
liquids.39 These ions are detectable also by ion-transfer voltammetry.40-42  
The subnanomolar LODs represent practical limits for monovalent ions. An even lower 
LOD as expected for a more lipophilic monovalent ion requires extremely long preconcentration 
(>>1 hr). On the other hand, an ion with a larger charge will give a lower LOD without 
prolonged preconcentration, because stripping currents based on a thin-layer behavior vary with 
the square of the charge number.43 Picomolar LODs are expected for ion-transfer stripping 
voltammetry based on facilitated extraction of polyions, e.g., polypeptide protamine (~+20)44-46 
and pentasaccharide Arixtra (~–10).47 The extremely high sensitivity may be useful for detection 
of these biological polyions in complicated biological and biomedical samples such as whole 
blood, where a liquid/liquid interface is fouled to lower voltammetric sensitivity.16 
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Voltammetric cation detection with a thin polymeric membrane supported on a 
conducting-polymer-modified electrode was demonstrated for the first time by employing a 
PEDOT film. In contrast to anionic analytes, many ionophores with excellent selectivity among 
cations were developed for potentiometry.48 These highly selective ionophores will significantly 
widen the range of applications of PVC/PEDOT-modified electrodes. On the other hand, a LOD 
for either cation or anion as obtained with a PVC/PEDOT- or PVC/POT-modified electrode, 
respectively, is ultimately dictated by the Nernst equation (Equation 7.2). In this regard, our 
voltammetric approach contrasts to a recent potentiometric approach with a PVC/PEDOT-
modified electrode.49 In the latter approach, both cationic analytes and their co-ions are 
galvanostatically extracted into a PVC membrane to inevitably obtain a non-equilibrium super-
Nernstian response. A LOD of such a non-selective potentiometric response is compromised in 
comparison to a LOD of an equilibrium, selective Nernstian response.50  
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SUPPORTING INFORMATION 
Finite Element Simulation of CVs 
CVs at PVC/POT- and PVC/PEDOT-modified electrodes were numerically analyzed by 
employing the finite element method as reported elsewhere.S1 Specifically, CVs were simulated 
by using COMSOL Multiphysics version 3.5a (COMSOL, Inc., Burlington, MA. An example of 
the finite element simulation is attached.  
A current response was simulated as a function of the potential drop at the PVC 
membrane/water interface,   
 
∆w
PVCφ . An experimental CV, however, is obtained against the 
potential applied to the underlying gold electrode, Eapp, which is also used for a redox reaction of 
a conducting-polymer film as given by 
 
ref
PVC
w
Au
PVCapp EE −∆+∆= φφ         (S1) 
 
where φAuPVC∆  is the potential drop across the PVC/conducting polymer/gold junction, and Eref is 
the reference electrode potential. In our previous work,S1,S2 a linear relationship between   
 
∆w
PVCφ  
and Eapp was observed empirically for PVC/POT-modified gold electrodes. With this empirical 
relationship of a constant value of app
PVC
w / E∂∆∂ φ , Equation 7.S1 is equivalent to 
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app
PVC
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iapp
0
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PVC
w
PVC
w )( E
EE
∂
∆∂
−=∆−∆=∆ ′′
φ
φφφ       (S2) 
 
where 0i
′E  is the applied potential at φPVCw∆  = 0iPVCw
′∆ φ . In the analysis of CVs in Figures 2 and 5, 
app
PVC
w / E∂∆∂ φ  was assumed to be same for two ions i and j so that the difference of their formal 
potentials is given by 
 
 
app
PVC
w0
i
0
j
0
i
PVC
w
0
j
PVC
w )( E
EE
∂
∆∂
−=∆−∆ ′′′′
φ
φφ       (S3) 
 
It should also be noted that this assumption may be an origin of the deviation between 
experimental and simulated CVs for a PVC/PEDOT-modified electrode in Figure 7-2. In 
contrast, a good fit is obtained for a PVC/POT-modified electrode by using this assumption 
(Figure 7-5).S1,S2  
Supporting Information References 
(S1) Kim, Y.; Amemiya, S. Anal. Chem. 2008, 80, 6056–6065. 
(S2) Guo, J.; Amemiya, S. Anal. Chem. 2006, 78, 6893–6902. 
COMSOL Model 
A copy of the COMSOL model is available free of charge in the Supporting Information via the 
Internet at http://pubs.acs.org/doi/suppl/10.1021/ac900995a. 
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